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ABBREVIATIONS 
Anal. analytical UV-V IS ultraviolet-visible 
屯 u rm-b iuy l 入 wavelength 
Calcd. calculated 
d day(s) 
D M F N,N'- d imethyl formamide 
equiv equivalence 
E t 2 0 diethyl ether 
h hour(s) 
H z hertz 
IR infrared 
J coupling constant 
M + molecular ion 
Me methyl 
mJe mass to charge ratio 
min minute(s) 
mp melting point 
MS mass spectrometry 
N M R nuclear magnetic resonance 
OMe methoxy 
Ph phenyl 
〜 ppm part per mi l l ion 
Ry retention factor 
r • t. room temperature 
T H F tetrahydrofuran 
T L C thin layer chromatography 
T M E D A N,N,N',N-tetrainethylethylenediamine 
TMS trimethylsi lyl or tetramethylsilane 
i i 
A B S T R A C T 
In this project, we have accomplished the synthesis o f several dinucleating 
ligands and the corresponding monometallic and bimetallic complexes. The dinucleating 
l igands were derived f rom the 2,9-bis(o-phenolic)- l ,10-phenanthrol ine and salen type 
[salen = N, N'-ethylene bis(sal icyl ideneaminato)] systems respectively. The general 
molecular f ramework of the ligands consists o f a N N O O cavity and an acyclic O O X X 
( X = N , P) b inding site capable of securing two metal ions in close proximity. In order 
to develop an eff icient and versatile method for the preparation of bimetallic complexes, 
we have accomplished bimetallation o f the dinucleating systems in stepwise manner via 
regioselective synthesis o f the monometal l ic intermediates. This method afforded two 
novel compounds, [Bis(5'-r-butyl-3'-pyridylsalicylidene)-1，1,2,2-terramethylethylene 
diamine] d in icke l ( I I ) hexafluorophosphate and [Bis(5'-r-butyl-3'-pyridylsalicyl idene)-
1,1,2,2-tetramethylethylene diamine] copper ( I I ) nickel ( I I ) hexafluorophosphate, as 
the representative examples of homobimetal l ic and heterobimetallic complexes. The 
structures o f the above b imeta l l ic complexes have been characterized by X-ray 
crystallography, exhibi t ing a C2 symmetric molecular framework containing 4- and 6-
coordinated metal ions in close proximity. 
• •« m 
INTRODUCTION 
There has been g r o w i n g interest in the area o f d inucleat ing l igands and 
bimetal l ic complexes for organometall ic and coordination chemists since 1970. l，2 The 
attractiveness o f b imeta l l i c chemistry arises f r o m its key roles in the studies of 
b io inorganic chemistry, homogeneous catalysis and magnetic exchange processes.3’4，5 
B ime ta l l i c complexes have been extensively appl ied as mimic models for 
m e t a l l o p r o t e i n s such as superox ide d ismutase, pept idases, hemocyan in , 
monooxygenases tyrosinase and dopamine p-hydroxylase^ because those complexes 
were believed to be invo lved in various v i ta l biochemical processes, especially oxygen 
t ranspor t and oxygen ac t iva t ion by metalloproteins.2c The previously studied 
b imeta l l ic models serving as active sites for b io logical systems include the Cu-Zn 
(superoxide dismutase), Cu-Cu (hemocyanin and tyrosinase)，Fe-Fe (hemerythrin and 
methane mono-oxygenase) and Fe-Cu (cytochrome oxidase) systems2c’3’4. in spite of 
the active studies, synthesis and characterization o f more binuclear systems as mimetic 
act ive sites for the metal loproteins and enzymes in nature w i l l st i l l be the subject o f 
extensive investigations. 
Recent ly b inuc lear complexes w i t h c losely spaced metals have been 
demonstrated to play special roles in homogeneous catalysis.7，8 The specific chemical 
properties o f bimetal l ic complexes may facil i tate their uses as homogeneous catalysts 
f o r the simultaneous act ivat ion o f m ixed substrates such as hydrogen and carbon 
d iox ide v ia contro l led coordinat ion o f either the same or di f ferent metals in close 
proximity.9，l0 The beauty o f binuclear complexes in catalysis is mainly attributed to 
the metal ion cooperat iv i ty on molecular activation. ^ ^ Meta l cooperat ivi ty, as the 
communicat ion between the metals in close prox imi ty 2.5 to 6.0 A)，2d is the centre 
o f chemical uniqueness o f b imetal l ic complexes in comparison to their monometall ic 
counterparts. 
B i m e t a l l i c complexes, exh ib i t not on ly chemica l speci f ic i ty , but also 
in t ramolecu lar magnet ic interact ion Magnet ic exchange between paramagnetic 
centres has been observed in several binuclear systems.^^,13,14, L in tvedt and 
1 
coworkers l4b reported ant i ferromagnet ic coup l ing o f a Cu( I I ) -Cu( I I ) complex wh i le 
Kahn,s g roup l ^a observed fer romagnet ic interact ion exh ib i ted by a C u ( I I ) - C r ( I I I ) 
c o m p l e x . Synthesis o f paramagnet ic b imeta l l i c complexes leads to s ign i f icant 
progress concerning the mechanist ic studies o f magnetic exchange interaction. 
Invest igat ion o f the magnetic susceptibi l i ty, redox properties, opt ical and EPR 
spectral parameters o f b imeta l l i c models can result in better understanding o f the 
meta l -meta l in teract ions, structural and phys iochemica l host-guest relat ionships to 
help explore the natural and synthetic catalytic systems.2d 
Because o f the rap id ly g row ing interest in the f ie ld o f b imetal l ic complexes, 
the synthesis o f d inuc leat ing l igands p romot ing the fo rmat ion o f those complexes 
should be h igh ly desirable. 15’ 2 in 1970 the term dinucleat ing l igands was introduced 
f o r a series o f l igands capable o f s imul taneously b ind ing two metal ions .2c ’ l6 
General ly a d inucleat ing l igand should consist o f two b ind ing sites for metal lat ion and 
i t has been basical ly c lassi f ied in to four types^d according to the arrangement o f the 
b ind ing sites: 
CO O 、 广 J I I II 
( Y : ) Q 
III IV 
Type I l igands are macrocycles wh i le type I I analogues are side-off acycl ic 
l igands and both i nvo l ve oxygen atoms as the b r idg ing donor atoms fo r the two 
b ind ing sites. Type I I I l igands are end-of f acyclic ligands and type I V derivatives are 
po lypodal l igands w i t h Y serving as the exogenous bridge. 
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Regardless o f the l igand type, several factors should be considered for the 
design o f dinucleating systems: 
(a) Binding site proximity Meta l cooperat iv i ty , one o f the most crucial factors 
determining the chemical and physical properties o f bimetall ic complexes, depends on 
the metal-metal distances. The cooperative effect becomes unl ikely i f the complexed 
metal ions are too distant apart to communicate. Hence the binding sites should be 
arranged to ho ld the metals at separations o f 〜2.5 to 6.0 A via modi f icat ion o f the 
molecular topology such as var iat ion o f the side chain lengths and replacement o f 
structural spacers. 
(b) Binding site nature The nature o f donor sites determines the type of metal ions to 
be accommodated. Generally a hard donor site prefers hard metals whi le a soft donor 
site tends to b ind soft metals. Appropriate incorporat ion o f various hard and soft 
b ind ing sites w i t h i n the same molecule can lead to a wide range o f bimetal l ic 
complexes. 17 The nature o f metal ions to be complexed also depends on the anionic 
character o f the donor sites. A tetra anionic site binds high valent metal ions^^ whi le a 
neutral site prefers low valent metal ions. 19 
(c) Molecular flexibility A f lex ib le molecular f ramework is necessary to keep the 
metal ions in close prox imi ty without altering the regular coordination geometry o f the 
respective metal centres. A rigid system may either forb id the possibi l i ty o f close 
p rox im i t y or cause signi f icant alteration o f coordinat ion environment. However, 
overwhelming f lex ib i l i t y may hamper the complexation process. Hence considerable 
ef fort should be directed to attain an opt imum f lex ib i l i ty . 
(d) Solubility In order to apply bimetal l ic complexes to organic reactions, the 
complexes should attain substantial l ipophi l ic i ty to enhance their solubil ity in organic 
medium. Hence incorporat ion o f l ipophi l ic groups (e.g. a lky l groups) to the ligands 
contributes to the preparation o f homogeneous catalysts. Water soluble catalysts are 
also important for catalysis, especially catalytic electrochemical reactions in aqueous 
medium. Preparation o f water soluble catalysts can be accomplished by introduction of 
hydrophi l ic substituents such as pyr id in ium group to the l igating systems. 
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(e) Robustness The robustness o f bimetal l ic complexes is one of the most crucial 
factors to be considered in catalytic studies of such complexes. The complexes should 
be robust enough to attain suff icient l i fet ime under the specific reaction conditions to 
a f ford reasonable turnover rates. Generally the presence o f oxidat ion or reduction-
sensitive moieties should be avoided as metal complexes are most often applied to 
substrate oxidat ion or reduction. Otherwise competing l igand reactions and destruction 
o f the complexes may result. 
Weiss and Wytko^O reported the synthesis o f a macrobicycl ic l igand as a 
potential dinucleating system (Scheme 1). 
Scheme 1 
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Scheme 1 (Continued) 
3 
Scheme 1 i l lus t ra tes the synthesis o f a mac rob i cyc l i c hard and soft 
heteroditopic l igand conta in ing an ^)-phenanthrolihe subunit (soft) and an aza-crown 
ether (hard). This l igand can be regarded as a new type o f dinucleat ing ligands (type 
V ) compared to the above four types o f l igat ing systems. 
、：y 
V 
、 This system basical ly bears a rigid molecular f ramework but certain degree o f 
f l ex ib i l i t y can be attained as rotat ion around the biphenyl bonds has been reported. 
The (9-phenanthroline subunit, as the soft neutral coordinat ion site，tends to complex 
soft t ransi t ion m e t a l s , e s p e c i a l l y the low valent cations whi le the hard aza-crown 
ether cavi ty should prefer the hard alkal i metal ions. This example serves as a potent 
d inucleat ing system for preparation o f bimetal l ic complexes containing hard and soft 
metal centres. 
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B ime ta l l i c complexes obtained by meta l la t ion o f the var ious k inds o f 
dinucleat ing ligands can be classified into two general types:2c 
(a) Complexes wi th metals sharing at least one donor atom which bridges the binding 
sites. 
OTi / ( a \ /fX) 
, M \ 八 • 〔 z M \ 八 ） （ M M 
/ O T k ^ o r w 
(z, V Qm 9 
(b) Complexes in which the donor atoms are not shared. 
rPn 风 
〜 The above bimetal l ic complexes are classif ied according to the structural 
arrangement o f the metal centres. Bimetal l ic complexes can also be divided into two 
groups according to the identity o f the respective metal ions: 
6 
(a) Homobimetallic complexes which contain two identical metals. 
. m / 
(b) Heterobimetallic complexes which contain two different metals. 
b i 
Compared to monometal l ic complexes, homobimetal l ic and heterobimetall ic 
complexes exhibi t unique chemical and physical properties i f the two metal ions are 
closely spaced (2.5-6.0 A ) to attain metal cooperativity. Meta l cooperativity can be 
regarded as the mutual influence or interaction between the metals in close proximity. 
The metal-metal interaction can be either direct metal-metal bonding or electronic 
and^electrostatic communication or simultaneous activation of substrate molecules by 
spatially close metal centres. When the metals are held in such a close proximi ty that 
their d orbitals can overlap, metal-metal bonding can be observed and just i f ied by 
spectroscopic and structural determination In this case, the behaviour of the complex 
should be dominated by the character o f metal-metal bonding. I f the metals are kept at 
larger separation such that metal-metal bonding is unl ikely, they can communicate via 
electronic and electrostatic i n t e r a c t i o n 22,23 The metal centres can influence each other 
7 
by electronic commun ica t ion v ia electron delocal izat ion through the br idging l igand 
or /and d i rect spat ial in teract ion. The cooperat ive ef fect can also operate v ia an 
electrostatic model such that a metal centre is inf luenced by electrostatic force arising 
f r o m another metal ions in close prox imi ty . In either case, metal cooperat ivi ty can be 
real ized i f the redox properties of a metal centre is at least part ial ly control led by the 
another metal ion. When the metal ions are separated by even longer distances, direct 
interact ion becomes less l i ke ly but bimetal l ic cooperat ivi ty can st i l l be attained i f the 
meta l centres are su f f i c ien t l y close to simultaneously interact w i t h a potent ia l ly 
b r idg ing substrate niolecule.7a Act ivat ion o f substrate by a metal centre may promote 
the react ion between another metal centre and the substrate molecule such that the 
r eac t i v i t y can be enhanced by the binuclear cooperat ive effect.24 Me ta l ion 
cooperat iv i ty can also be visual ized by multi-species activation.7b Bimetal l ic complex, 
as a b i funct ional catalyst, can simultaneously activate mixed substrates and keep them 
in close p rox im i t y on the respective metal centres to enhance the reaction between the 
react ing substrates. Appropr iate incorporat ion o f various hard and soft metals in the 
complexes may a l low simultaneous activation o f considerably d i f ferent substrates. 
Meta l ion cooperativity，as the heart o f bimetall ic chemistry, dictates the l igand design, 
character izat ion and cata ly t ic act iv i ty o f the binuclear complexes. Since 1970， 
numerous groups〗 have attempted to synthesize various bimetal l ic complexes and to 
study and ut i l ize their cooperative effects on magnetic properties, redox behaviours 
and catalyt ic actions. 
L intvedt 's group^^ reported that homobimetal l ic macrocycl ic complexes can be 
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The macrocyclic l igand (type 1) was prepared by condensation of triketone and 
d iamine a f fo rd ing two N N O O donor sites sharing the br idg ing keto groups. 
Homob imeta l l i c complex o f n icke l ( I I ) was successfully prepared by stepwise 
metallation o f the macrocyclic system wi th NiCl2 while reaction of ligand 4 wi th 2 
equiv o f N iC l2 afforded an inseparable mixture o f monometal l ic and bimetall ic 
complex (5 and 6) instead. The N i - N i distance was determined to be 2.859 A for the 
planar bimetal l ic complex hence metal-metal interaction can be expected. No direct 
evidence of metal cooperativity was reported but the bimetallic species was observed 
to be more sensitive to hydrolysis than the monometallic counterpart. This observation 
was attributed to hydrolysis promotion by the complexation o f second metal25.26 and 
such effect can be regarded as mutual influence between metals. Attempts to prepare 
heterobimetall ic complexes of nickel wi th copper or cobalt were unsuccessful. As 
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square planar four-coordinat ing environment N i ( I I ) bears the shortest ionic radius 
compared to other two divalent metal ions，27 it was suggested that the cavities of the 
macrocycl ic l igand may be too small to accommodate the bigger ions in a bimetallic, 
planar complexes hence synthesis of heterobimetallic complexes was unsuccessful. 
A successful preparation o f heterobimetallic complexes was reported by van 
Veggel and Reinhoudt^^a (Scheme 3): 
Scheme 3 
CHO OHC ^^ ^^ ^^  , 
7 一 A V 
M ( 叫 _ _ . < ^ 乂 。 》 ‘ 
0 q 
1 R只2+ ) 9a M = Ni 
\ ba / 9b M = Cu 
^ O n 乂 9c M = Zn 
The d inuc leat ing l igand der ived f rom metal template condensation o f 
dialdehyde 7 22b and diamine consists of a soft Schif f base or salen [salen = N, N'-
ethylene bis(sal icyl ideneaminato)] type subunit and a hard crown ether. Hence 
successive incorporation of soft transition metals into salen cavity and hard metal ions 
into polyether cavity can result in a series of heterobimetallic complexes. Theoretically 
this b imeta l l i c system al lows adjustment o f metal separations and selective 
incorporation o f the hard cations by varying the length of polyether chain and the size 
o f cavity. 
The metal-metal distance for the binuclear system 9a in scheme 3 was 
reported to be 3.69 A hence interaction between metal centres may arise. This was 
just i f ied by polarographic and cycl ic voltammetric studies in which anodic shifts in 
10 
hal f -wave potentials were observed for reduction o f bimetal l ic complexes wi th 
reference to the mononuclear complexes (Table 1). 
Tab le 1. Polarogr叩hie data for reduction of mono-and bimetallic complexes 9a-b 22a 
^ E I / 2 (V ) 
N i ： -1.669 
N j Ba -1.338 
Cu - -1.332 
Cu ^ -1.119 
Mi(丨丨） . + : “ Mi(l) 
I t was suggested that the hard cation in the polyether cavity tends to reduce the 
electron density at the phenolic oxygen atoms and thereby reduce the electron 
donat ing abi l i ty toward the transit ion metal ion. Hence the transition metal ion 
becomes more posit ive and the reduction can be e n h a n c e d ^^a This observation is a 
typ ica l example o f electronic communicat ion between cooperative metal centres. 
However, use of this bimetall ic system as a bifunctional catalyst for organic substrates 
and small molecules would be l imited by its low solubil ity in organic medium. 
Recently Bulkowski^^ exhibited the role of metal cooperativity of bimetallic 
complexes in catalysis. Bulkowski 's group has successfully prepared a chloro-bridged 
z inc- rhodium heterobimetall ic complex which was demonstrated to be an active 
catalyst for hydroformylat ion o f olefins (Scheme 4). 
11 
Scheme 11 
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This heterobimetal l ic complex was derived f rom 11, a dinucleating l igand 
consist ing o f a hard aza oxa cavity and two soft phosphino groups. Incorporation of 
the hard Z n ( n ) ion into the aza oxa cavity and complexation o f the soft Rh(I) ion wi th 
phosphine in stepwise manner afforded the desired complex 13. The Zn-Rh separation 
was determined to be 4.002 A by X-ray crystallography and the metal cooperative 
interact ion was realized by comparative catalytic studies o f the bimetall ic complex 
and mononuclear Rh(I ) species on olef in hydroformylat ion. It was reported that the 
Zn -Rh complex exhibi ted no induct ion period for in i t iat ion o f the reaction as is the 
characteristic o f the monometal l ic Rh(I ) counterpart, RhCl(CO)(PPh3)2 under the 
same react ion c o n d i t i o n s ) The induct ion periods (2-3 h) for the monometal l ic 
complex have been attributed to the time required to convert the chloride to the active 
hydr ido intermediate.^^ The lack of induction period in the reactions catalyzed by Zn-
Rh complex was attributed to the role of the coordinated Zn( I I ) ion, which serves as an 
internal acceptor removing the chloride ion f rom the coordination sphere of the Rh(I) 
centre to promote the formation o f the active rhodium hydrido species in ca ta l ys i s> 
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The intramolecular atom transfer between metal centres is another k ind of cooperative 
in teract ion. The metal cooperat iv i ty was also d isplayed by the structural and 
spectroscopic character izat ion. Compared to RhCl (CO)(PPh3)2 , the b imeta l l ic 
complex exhib i ted higher tico value and shorter CO bond. This was ascribed to the 
induct ive effect o f Lewis acidic Zn ( l l ) ion which reduces the electron donor strength 
o f the br idged chlor ide to Rh(I) centre result ing in decreased electron density on the 
Rh centre. The decreased electron density on the Rh centre in turn causes a diminished 
back-bonding f rom Rh to the 7C* orbitals of CO.^a This observation served as another 
example o f electronic interaction o f cooperative metals. 
Despite the extensive investigations on bimetall ic chemistry, there is sti l l great 
r o o m for the synthesis, characterizat ion and catalyt ic studies o f novel binuclear 
complexes, especially heterobinuclear complexes. Compared to the great progress in 
h o m o b i m e t a l l i c chemis t ry over the past two decades, the development o f 
heterobimetal l ic complexes was constrained by the relative d i f f i cu l ty o f synthesis.2c’d 
Preparation o f heterobimetal l ic complexes is considerably unique in the f ie ld o f 
l igand design and metal lat ion, compared to the homobimetal l ic counterpart. Whi le 
d inuc lea t ing l igands w i t h equivalent cavi t ies were of ten adopted to prepare 
homobimeta l l ic complexes，29，2c preparation o f heterobimetall ic complexes usually 
ut i l ized dinucleat ing ligands wi th binding sites o f different nature to achieve selective 
metallation.30 Moreover , synthesis o f heterobimetal l ic complexes usually invo lved 
stepwise metal lat ion to avoid the statistical distr ibution o f products that may occur in 
case o f one-pot metal lat ion o f the free l igand. le Another unique d i f f icu l ty associated 
w i t h synthesis o f heterobimetall ic complexes is metal ion scrambling. I f the binding 
sites or metals are close in nature, the metal ions may exchange their positions to yield 
a m ix tu re o f heterobimetal l ic posi t ional isomers or preferent ial format ion o f 
homob imeta l l i c and monometa l l i c complexes.^ l Hence the synthesis and the 
characterization o f heterobinuclear complexes serve as a challenging goal in the f ield 
o f bimetal l ic chemistry. 
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Our research project focused on the synthesis o f potential dinucleating ligands 
and b imeta l l ic complexes. We proposed two types o f dinucleat ing ligands bearing 
nonequivalent b inding sites based on (a) Schiff base and (b) 2,9-bis(o-phenolic)-lJ0-
phenanthroline respectively: 
(a) Schiff base 
y = N N==v 
H 〇 " ~ ^ X = . PPh2, COOH 
X X “ 
(b) 2，9-bis(o-phenol ic)- l，10-phenanthrol ine 
r C h 
^ ^ O H H O - ^ X = - Q . PPh2, COOH 
~ X X 
Sch i f f base or salen type [salen = N, N'-ethylene bis(salicylideneaminato)] 
l igands were wel l -known to strongly bind redox active transition metal ions.32 Salen 
type l igands consist o f a dianionic N 2 O 2 donor set which can be regarded as 
moderately soft binding site that prefers divalent first row transition metal ions. Whi le 
the salen type ligands and corresponding metal complexes were extensively studied, 
1,10-phenanthrol ine w i th phenolic moieties at 2,9-positions bearing similar N2O2 
donor set is a relat ively unexplored system. Compared to the Schi f f base bearing 
re la t i ve l y sensit ive im ine bonds,^^ the phenanthrol ine subunit should be less 
susceptible to reduction. As a less electron rich aromatic system, the phenanthroline 
ring is expected to be more resistant to oxidation than other electron r ich aromatic 
14 
systems l ike porphyr ins. Hence the phenanthroline derivatives wi th N2O2 donor set 
should serve as the potent chelat ing system for transition metals. The dinucleating 
propert ies o f the proposed ligands are attributed to the incorporat ion of functional 
groups X wh ich serve as extra binding sites in close proximi ty to the N2O2 donor site. 
Incorpora t ion o f var ious soft and hard donor groups (e.g. pyr id ine, phosphino, 
ca rboxy l i c groups) to the Sch i f f base and 2,9-bis(o-phenolic)- l ,10-phenanthrol ine 
subunit should result in a variety o f dinucleating ligands containing two binding sites 
o f s imi lar or di f ferent nature. Metal lat ion o f these dinucleating ligands should afford a 
co l lec t ion o f homo- and heterobimetal l ic complexes. The synthesis o f selected 
d inuc leat ing l igands w i l l be reported and the preparation and characterization o f 
b imetal l ic complexes w i l l be discussed in the fo l lowing section. 
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RESULTS AND DISCUSSION 
I . L i g a n d Syntheses 
W e have accompl i shed the synthesis o f potent ia l d inuc leat ing l igands 
conta in ing phenol ic br idged N N O O and O O X X donor sets : 
广 N i V ^ 
> 0 J �x xJ 
The N N O O donor set is regarded as inner site whi le the O O X X donor set is regarded 
as outer site. The salen type and o-phenanthrol ine based dinucleat ing systems 
ment ioned above are two examples o f this type of acyclic ligands. As synthesis and 
character izat ion o f the carboxy l i c der ivat ives o f the salen type system and the 
corresponding homo- and heterobimetal l ic complexes (f igure 1) have already been 
I 
extensively invest igated by several groups，13，34 our synthetic schemes w i l l focus on 
the preparation o f py r idy l and phosphino derivatives. 
CO2H HO2C , ,C、/Mb\ c 
O 0 〇 〇 
F i g u r e 1. The Sch i f f base-carboxylic acid and corresponding bimetall ic complexes. 
The basic strategy fo r the synthesis o f salen type dinucleat ing l igand is the 
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Wi th reference to the above retrosynthetic scheme, the pyr idy l derivative of 
Schi f f base 17 was synthesized according to Scheme 6. 
Scheme 6 
O H O H 
f \ + CHoO SnCl4. ^BuaN f^^"^^"。已卩？，AcOH, N a O A c 、 
^ toluene, 100-C 50°C.12h 
8 h T 
14 75% 
O H r ^ 
D U H [ I O H C O H 
B y k ^ C H O B u 3 S n 人 V ^ 
10%Pd(PPh3)4 ~ \ J ] 
I THF, 100°C 
72 h 16 93% 
15 95% 
- t / V o H H O H H ) ^ ― 
BOH, 78°C 
1 h f ^ N N ^ 
17 76% 
17 
The desired dinucleating ligand 17 was synthesized f rom p -盼 rbu ty l pheno l in 
good overal l yield, p - fm-bu ty lpheno l was formylated in the presence o f Lewis acid35 
to a f ford the sal icyaldehyde 14 which was then brominated36 to give 3-bromo-5-
butylsal icyaldehyde 15 in excellent y ie ld (95%). 5-Butyl-3-pyr idylsal icyaldehyde 16 
was obtained in 93% yie ld by Stil le type palladium-catalyzed crossing coupling37 of 
15 w i t h 2 - t r i - n -bu t y l s t anny lpy r i d i ne .38 Condensat ion o f the funct ional ized 
salicyaldehyde 16 wi th 2，3-diamino-2，3-diinethylbutane39 in ethanol gave the target 
molecule 17 in reasonable y ie ld (76%). I t is noteworthy that no funct ional group 
protect ion o f 16 was needed for the Pd-catalyzed cross coupl ing reaction and the 
ethanolic solution of 2,3-diamino-2,3-ciimethylbiitane must be s lowly added to 16 to 
attain reasonable yield o f ligand 17. 
The phosphino derivat ive o f Sch i f f base l igand was prepared in similar 
manner as shown in Scheme 7. 
Scheme 7 
OH OH OMe 
J . D Brv I Br B r 、 1 Br l - " B u U EtsO 
[ T ^ 已「2 、 Y ^ NaOH V V -78^c. 1 h 
K J A c ⑶ Me2S〇4 ^ 2. PPhaCI ^ 
, 2 5 。 c 2h y 
1896% 1984% 
OMe OMe 
PhaPv 1 ^ B r n PhsPv I ^L i 
Y ^ ^ "BuLi, TMEDA ^ V ^ ^ 1. DMF ^ 
E t 2 〇 -78°c 1 h 2. H 3 〇 + 
20 75% 21 
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OMe OH V / \ / 
P h a P v V H O - CHO V ^ 
^ BBr3’ CH2CI2 H2N NH2 
25。C’1。h T = 4 h 
22 70% 2380% 
PPh2 Ph2P “ 
24 70% 
The potential dinucleating ligand 24 was synthesized f rom p- rm-buty lpheno l 
in 6 steps in reasonable overall yield. Dibromination o f p-r^rr-bi i tylphenol fo l lowed by 
methylat ion afforded the anisole 19 in good yield. Li th iat ion o f 19 wi th "buty l l i th ium 
at low temperature fo l lowed by quenching wi th chlorodiphenylphosphine gave 20. 
L i th ia t ion o f 20 wi th " B u L i / T M E D A in diethyl ether at low temperature generated the 
l i th io reagent 21 which was then quenched wi th D M F to af ford the aldehyde 22 in 
70% yield. Demethylat ion o f 22 afforded the salicyaldehyde 23 in good yield (80%). 
Condensation o f 23 wi th 2,3-diamino-2，3-dimethylbutane gave the desired phosphine-
Sch i f f base 24 in 70% yield. In Scheme 6 most o f the functional group manipulations 
were straightforward and eff icient. However, l i thiat ion o f 20 and subsequent reaction 
w i th electrophiles required specific reaction conditions. As far as we have found, the 
l i th io reagent 21 was reactive to formylat ing agents only when the " B u L i - T M E D A -
E t 2 0 system was adopted (Scheme 8). 
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Scheme 11 
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The preparation of aldehyde 22 from 20 was unsuccessful i f 20 was lithiated 
w i th nBuL i alone in either E t 2 0 or T H F fol lowed by introduction o f dry D M F and 
hydrolysis. Protonation product 25a was isolated as the only product instead. Direct 
hydrolysis of the l i thiat ion mixture before quenching wi th D M F was observed to 
afford 25a exclusively, supported by T L C and ^H N M R data. Hence the lithiation was 
believed to be complete and 21 was successfully generated. However, trapping of the 
l i th iat ion mixture by D 2 O afforded a product 25b exhibi t ing no proton a to OMe 
group as in 25a by comparing their ^H N M R spectra (figure 2)。 
20 
〜 OMe 
~ J C 25b 
ill i 〜 OMe 
' ' I I ' I I I r [ Y 
7 . 0 P P M 6 . 0 y ' s a 
F igu re 2. Comparison of ^H N M R spectra of 25a and 25b. 
Hence cleavage of T H F or E t 2 0 by the l i th io species as the in situ quenching 
pathway was unl ikely and the nonreactivity may arise f rom the low susceptibility of 21 
to electrophiles. I t was known that some organolithium reagents react as aggregates 
instead of the more reactive monomers in solution.^O The l i th io intermediate 21 was 
suspected to exist as less reactive aggregates in our solvent system (figure 3). 
— U 
U ^ V ^ ， 2 、、、、、 
OMe \ 、、、、 
I . / 
PPh2 Lj 
^ ^ 〇 M e M e O - ^ ^ 
、、、、U, 严 
/ \ 、、、  
, 、 \ OMe 、、、  
PhaP P h a P ^ U ^ U ^^  
( ^ ^ " ^ ^ O M e l ： ^ 
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F igure 3. Proposed P-L i interaction network of 21 
21 
Previous studies^ 1 illustrated that phosphine and phosphine oxide can interact 
w i th organol i th ium species via direct bonding, Lewis acid-base adduct formation or 
coordinat ion. In either case, the organol i th ium species may be stabilized to some 
extent. A fragment of the proposed P-L i interaction network o f 21 is shown in figure 
3. The l i thio species was presumed to interact via intermolecular P-L i coordination and 
the basic carbon centre is not only electronically stabilized but also sterically hindered 
by the bulky phosphino groups/Hence 21 may become less nucleophilic and therefore 
deactivated toward electrophiles. It is reasonable to assume that dissociation of the 
aggregates may enhance the reactivity o f 21. The bidentate ligand T M E D A has been 
reported to increase the basicity of organoli thium species.40 It was demonstrated to 
ef fect ively break down the a lky l l i th ium aggregates into more reactive dimers and 
monomers in soliition.40,42 Lithiat ion of 20 with the nBuL i -TMEDA-E t20 system at 
-78°C fo l lowed by quenching wi th D M F resulted in the desired aldehyde 22 in 70% 
yie ld. The enhancement o f react ivi ty may be attributed to the breaking o f P -L i 
interaction network by T M E D A . It is worthwhile to note that replacement of E t 2 0 by 
T H F inhibited the reaction leading to only trace amount o f 22. The complication may 
be due to the stronger chelating effect of THF. The effect of T M E D A and solvents on 
the reactivity o f 21 can be rationalized by our supposition but more concrete evidences 
such as N M R study of P -L i interactional a w i l l be needed for confirmation. 
The salen type ligands 17 and 24 exhibit typical spectroscopic characteristics of 
Schi f f base derivatives. The relevant spectroscopic data are tabulated in Table 2. 
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T a b l e 2 Spectroscopic data o f compound 17 and ) 4 
Li叫nds UV.VIS^^ J i ^ ~ ^H NMR(5)/ 13c NMR(5 / 
入 max，nm cm-1 ppm ppm 
(£，LmoHcm-l) 
n 342 (21.5x10》3600-2400( \ )o , " i )1 .35 (s, 18H), 1.41 (s, 12H), 23.63,""""32.14, 
434 (1.65x10-^) |69sn) 、r 7.15-7.20 (m, 2H), 7.33 (d, 34.77, 65.82, 
io-«(u(:.‘\’） 2H), 7.69 (td, 2H), 7.96 (d, 1 19.67, 122.15, 
2H)，8.05 ( d, 2H), 8.44 (s, 125.31, 127.66’ 
1460(\)cc)^ 2H)，8.68 (d, 2H), 14.76 (bs, 129.86, 131.51’ 
‘ 2H) 136.45, 141.57’ 
149.81, 156.65, 
~：；- 158.57, 162.48 
340(7.77x10-)) 3600-2400(\)o„) [07 (s, 18H), 1.34 (s, 12H), 2 3 . 1 9 , 3 1 . 1 7 ， 
436 (1.15x103) . .^cH) 、r 6.76 (dd, 2H), 7.19 (d, 2H), 33.98, 65.21, 
7 32 (m，2()H), 8.31 (s, 2H), 117.16, 124.20(d), 




^ Measured in CH2CI2 solut ion, b On ly selected peaks are presented, c C N stretch o f 
i m i n e bond, d Aromat ic C N stretch, e Aromat ic C -C s t re tch . /Recorded in CDCI3 
w i t h T M S as internal standard. 
The characteristic funct ional i t ies o f a Schi f f base l igand include the azomethine 
group ( -C=N- ) and hydrogen bonded hydroxy l group. Those funct ional groups can be 
ident i f ied f rom 17 and 24 by compar ing the spectroscopic data wi th literature values o f 
s imi lar s y s t e m s . ^a,22 Both 17 and 24 exhibi t broad peaks in the range 3600-2400 c r r f l 
i n their IR spectra wh ich strongly suggests the presence o f hydrogen bonded O H 
group. W e can also observe broad singlets at 5 14.76 and 5 14.37 in the respective ^H 
N M R spectra o f 17 and 24，indicative o f hydrogen bonded phenolic protons. In the IR 
spectra o f both compounds, strong signals at 1620-1630 c r r f l can be observed and 
they should arise f rom the O N stretch o f the imine l inkage. The singlets at 5 8 .3-8 .4 
in their ^H N M R spectra, indicat ing the presence of azomethine protons,43 substantiate 
the IR assignment. Sch i f f base l igands have been reported to exhibi t intramolecular 
hydrogen bonding between the C = N l inkage and phenolic protons.^^ 
R' R, 
23 
The compound 17 and 24 also exhib i t characteristic U V - V I S spectra o f Sch i f f base 
l igands. The electronic absorpt ion spectra o f Sch i f f base N ,N ' -b i s ( s a l i cy l i dene ) - ( - ) -
propylenediamine (pn(sa l ) 2 ) 4 4 (a) and 24 (b) are shown in f igure 4 for comparison. 
(a) (b) 
^ ^ Z L ^ " n l 
250 300 350 400 450 X(nm) …丨 , , , , 
9S0.fN9 Avm.m 4sn.fm ！;sn.rm 309.Ml , «•一 
f^fiVi.fm nm 
F i g u r e 4. Absorpt ion spectra o f Sch i f f base l igand pn(sal)244 (a) and 24 (b). 
Sch i f f base l igands exhib i t two absorption peaks at lower energy region (> 300 
nm) . Bosnich44 has made general assignments o f the electronic transit ions. The 
stronger, higher energy peak was attr ibuted to the k n * transition o f the azomethine 
chromophore wh i le the weaker and less energetic peak was assigned to the n tc* 
t ransi t ion i n v o l v i n g the p romot ion o f the lone pair electron o f azomethine nitrogen 
a tom to the ant ibonding n orbi ta l associated wi th the azomethine group. Both 17 and 
24 exh ib i t a pair o f absorpt ion bands in their electronic spectra. The strong peak at 
340-350 nm and the less intense peak at 430-440 nm wel l correspond to the expected n 
—71* and n 71* transit ions o f Schi f f base derivatives. 
As the potent ial d inucleat ing ligands，17 and 24 bear not only the N N O O salen 
type b ind ing unit but also the py r idy l and phosphino groups as the second chelating 
sites. The l igands exhib i t spectral characteristics o f those funct ional groups. In the IR 
spectrum o f 17，the moderately strong signal at 1587 c n r l can be assigned to the C N 
stretch o f pyr id ine ring. The assignment is supported by the downf ie ld doublet (5 8.68) 
in I r N M R spectrum ind icat ing the presence o f a proton o f the pyr id ine ring. The 
phosph ino groups o f 24 are i l lustrated by the mu l t i p l i c i t y and chemical shifts o f 
aromatic carbon signals in broad-band decoupled 13c N M R spectrum. 
I n compar ison to the we l l characterized Sch i f f base l igands, the 2,9-bis((9-
phenolic)- l ,10-phenanthrol ine is a relat ively unexplored dinucleating system. The 
24 
desired molecular f ramework consists of three parts: 
r Q 3 
Q > O H H O - 0 ^ ― 
、-X x 〃 
As the preparation o f 2,9-diaryl- l ,10-phenanthrol ine f rom 1,10-phenanthroline 
has been we l l established 45 our basic synthetic strategy adopted direct coupl ing 
between 1,10-phenanthroline and protected phenolic siibstituents and incorporation of 
the substituents X can be manipulated before or after coupl ing (Scheme 9). 
Scheme 9 
. c f b + R " ^ - . 
^ / r 
CH^ ... 
“ X X 
V 
c f b + 
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Sauvage45 developed a general synthetic method for the preparation o f 2,9-
disubstituted phenanthrolines. The synthetic route involves a direct nucleophilic attack 
on 1,10-phenanthroline by aryl or alkyl l i th ium reagents at the 2,9-positions fol lowed 
by hydrolysis and oxidation. The method is efficient and straightforward but any base 
sensitive funct ional group on the aryl or alkyl moieties must be either protected or 
incorporated only after the nucleophil ic substitution. Hence the pyr idy l derivative of 
2,9-bis((9-phenolic)-1,10-phenanthrol ine 32 was prepared according to pathway b 
(Scheme 9) and the synthetic route was shown in Scheme 10. 
Scheme 10 
『 OH OMe OMe 
A B r . CSa , r ^ B r 『 H A B r 人 L i 
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Scheme 10 (Continued) 
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The desired dinucleating l igand 32 was synthesized via coupling of 1,10-
phenanthroline and the a-anisyl moieties fol lowed by incorporation of pyridyl groups 
in reasonable overall yield. The anisole 27 was prepared from p-rerr-butylphenol by 
brominat ion and subsequent methylat ion. 1,10-phenanthroline was subject to the 
nucleophi l ic attack by l i th io reagent prepared f rom 27 fo l lowed by hydrolysis and 
27 
rearomatization45 to af ford 2,9-bis(r;-anisyl)- l ,10-phenanthroline 29 in good yield 
(80%). 29 was f i inctionalized by bromination affording the dibromide 30. Stille type 
Pd-catalyzed cross coupling37 of 30 with 2-tri-n-butylstannylpyridine38 gave the 
d ipy r idy l der ivat ive 31 in 86% yield. The target molecule 32 was obtained by 
demethylation o f 31 wi th BBr3. 
Sauvage's methocH^ proved to be an eff icient route to prepare the 2,9-bis(^?-
anisyl)- l ,10-phenanthrol ine 29； the first two parts of the dinucleating framework, and 
we observed that the y ie ld can be improved by increasing the reaction time and 
temperature. Incorporation of pyridine r ing to the phenanthroline 30 was successfully 
accompl ished by Pd-catalyzed cross coupl ing wi th 2- t r i -n-buty lstannylpyr id ine 
a f ford ing 31. The reaction was found to be slower than the analogous coupling 
reaction between the salicyaldehyde 15 and 2-tri-n-butylstannylpyridine as shown in 
Scheme 6. The coupl ing product 31 exhibits the basic skeleton of the dinucleating 
framework and the inner N N O O cavity was created by demethylation of 31 to afford 
the dianionic N N O O - O O N N dinucleating system. 
In comparison to the straightforward synthetic route of the dipyr idyl derivative, 
the synthesis of phosphino derivative encountered more complications. Route b of 
Scheme 9 was not a viable pathway for our system (Scheme 11). 
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Scheme 11 
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Attempted di l i th iat ion o f the dibromide 30 with " B u L i in E t 2 0 or THF was not 
successful. A t -78°C or above, l i thiat ion afforded complex mixture whi le the reaction 
was very slow at -90 to -100°C. The compl icat ion may be due to the nucleophil ic 
attack on the phenanthroline ring by " B u L i or the l i th io species in situ generated. 
Gr ignard reaction has also been considered as an alternative. However, attempted 
preparation o f aryl magnesium bromide f rom 30 and subsequent reaction with PPh2Cl 
afforded only unidentif ied demethylation product 33. Stille and T u n n e y 4 6 has reported 
the Pd-catalyzed cross coupl ing o f aryl halides wi th (trimethylsilyl)diphenylphosphine 
29 
as an al ternat ive route for phosphination. However , this method d id not work for our 
system. React ion at 60-80。C for 7 days af forded on ly the monobromide 34 and 
react ion at elevated temperatures gave 29 as the reduction product: 
^ B u — ^ ^ Q M e M e O - / ^ ^ B u ^ B u - / V o M e M e O - / ^ f e u 
34 29 
The d ib romide may be too unreactive to couple w i th PPh2TMS but the reason 
fo r the preference o f reduction to coupl ing is unclear. As phosphination o f the 2,9-
bis(6>-anisyl)-1,10-phenanthroline derivatives was not successful, the construct ion o f 
the d inuc leat ing f ramework required strategic modi f icat ion. Accord ing to the route a 
o f Scheme 9, i t is possible to incorporate phosphino groups to the aromatic spacers 
be fo re c o u p l i n g w i t h the phenanthro l ine subuni t . Indeed, 2 , 9 - d i b r o m o - l , 1 0 -
phenanthrol ine 35 has been demonstrated to couple wi th aryl boronic acids af ford ing 
2.9-diary l -1,10-phenanthrol ine in good yields.47 Hence we embarked on the synthesis 
o f the phosphine l igand v ia coupl ing o f phosphino boronic acid 36 w i th 2,9-dibromo-
1.10-phenanthrol ine 35 (Scheme 12). 
r O i 
> = N N = < 
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Li th ia t ion o f 20 wi th the " B u L i - T M E D A - E t l O system afforded the activated 
l i th io reagent 21 which was then trapped by trimethylborate to give the desired boronic 
acid 36 in 74% yield. The diphosphine 37 was obtained in good yield (82%) by 
Suzuki type palladium-catalyzed cross coupling of boronic acid 36 with 2,9-dibromo-
1,10-phenanthroline under classical reaction conditions.48 Demethylation of 37 under 
m i l d condit ion gave the dianionic dinucleating ligand 38. 
It is noteworthy that much lower yield of the boronic acid 36 (< 40%) was 
obtained in the absence of T M E D A , probably due to the aforementioned low reactivity 
o f the l i t h io species 21. Suzuki cross coupl ing of 36 w i th 2 ,9 -d ib romo- l ,10-
phenanthroline was observed to be efficient under classical reaction conditions but the 
31 
y ie ld substantially decreased in high di lut ion. A f te r coupl ing the dinucleating skeleton 
was constructed and the dianionic NNOO-OOPP binding system was established by 
deme thy la t i on o f 3 7 . I t is notewor thy that the precursors 3 1 and 37 are also 
d inuc leat ing l igands as the inner phenanthrol ine N N site was known to b ind soft 
transit ion metals. 21 
32 and 38 bear the same dianionic N N O O cavity derived f rom the 2,9-bis(^?-
phenol ic)-1,10-phenanthrol ine system. This b ind ing site was characterized by the 
d o w n f i e l d signals at 15.70 and 14.16 ppm respectively in their ^ H N M R spectra 
ind icat ing the presence o f hydrogen bonded phenolic hydroxyl protons, similar to that 
observed in salen type ligands. The intramolecular hydrogen bonding was just i f ied by 
X - ray crystal lographic determination o f 32. The perspective of 32 is shown in figure 5. 
COS) P 0 ^ r / " ^ C 【 2 7 ) 
^ C(2 巧 \ 
•宫 c d o i h ^ m p d c ( i ) 
o Q c ( i 2 ) V - — < f c { i i ) p — 
C o A / \ 
C ( 8 ) P — < 5 
/ C ( 7 i \ / C ( 4 ) \ 
P — < f c ( 5 ) 
F i g u r e 5. Perspective v iew o f the l igand 32, 
32 
Figure 5 exhibi ts a puzzl ing crystal structure o f the l igand 32. The nonplanar 
structure o f 32 possesses no axis of symmetry. Wh i le in t ramolecular hydrogen 
bonding between 0 ( 1 ) and N ( l ) is observed as expected, 0 (2 ) is hydrogen bonded to 
N(4 ) o f the pyr id ine ring instead. The related distances and angles are tabulated in 
table 3 and the dihedral angles are presented in table 4. 
T a b l e 3. Selected bond distances and angles of the hydrogen bonded subunits o f 32. 
B o n d distances (A) Bond angles (deg) 
〇(1)…N(l) 2.56(2) C(14)-0(1)...N(1) 87(1) 
〇(2)...N(4) 2.50(2) C(l)-N(l)…0(1) 89(1) 




T a b l e 4. Dihedral angles between the aromatic subunits of 32. 
D ihed ra l angles (deg) 
1-2 35.0 
1-3 37.3 2-3 2.8 
1-4 23.4 2-4 52.1 3-4 53.5 
1-5 50.4 2-5 84.7 3-5 86.5 4-5 34.7 
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The l igand bears a nonsymmetric molecular structure and the phenolic g r o w s 
are directed away f rom each other in solid state. The dihedral angle between nn^s 1 
and 4 (23.4°) is smaller than that between rings 1 and 2 (35.0。)，probably due to the 
0 (1 ) " .N( :2 ) hydrogen bonding. The vir tual coplanarity between rings 2 and 3 (2.8。） 
can also be ascribed to the 0 ( 2 ) " . N ( 4 ) hydrogen bonding. It is worthwhi le to note that 
1 h N M R o f 32 suggests a two - fo ld molecular symmetry in solut ion hence we 
speculated that the C-C bonds between the aromatic rings can freely rotate in solution 
wh i le the rotation is constrained in lattice. The conformation shown in figure 5 avoids 
the steric hindrance between the two pyr idy l rings or that between the ten- butyl 
groups which may be encountered in case of 2-fold symmetric conformations. 
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I I . P repa ra t i on o f monometa l l i c complexes 
Perhaps sequential incorporation o f metal ions to the dinucleating system is the 
most versati le route to prepare bimetal l ic complexes.49 The success of sequential 
complexat ion depends on control o f site specif ic i ty. Non-site specific metallation 
w o u l d result in a mix ture o f monometal l ic posit ional isomers and homobimetal l ic 
complexes (Scheme 13). 
Scheme 13 
x^ X) rT^ N、 
e ；, 8：8 
N X ) 
In order to develop a control led synthetic route to the preparation of bimetall ic 
complexes, we attempted the synthesis and characterization o f pure monometal l ic 
complexes as precursors o f the dinuclear counterparts. 
We targeted on incorporation o f first metal ion to the inner N N O O cavity of the 
dinucleat ing l igand af ford ing monometal l ic complex 39 with outer O O X X binding 
site unoccupied. The salen type or salen l ike metal complexes have been extensively 




In compar ison to the coba l t ( I I ) or manganese(II) salen complexes, n icke l ( I I ) 
salen comp lexes have been regarded as the more stable system.32 Moreover , the 
n i c k e l ( I I ) salen comp lexes were w e l l known to adopt square planar coord inat ion 
geometry and d iamagnet i sm o f the complexes was usually observed.32 Diamagnet ic 
complexes a l low rout ine N M R characterization hence the complexat ion can be easily 
studied by t racing the shif ts o f N M R spectra upon metal lat ion. In recent years, n ickel 
( n ) salen complexes have been demonstrated to be the competent catalysts for oxygen 
act ivat ion.50 Hence n icke l ( I I ) salen complexes serve not only as a convenient system 
fo r iso lat ion and character izat ion but also a potent catalytic system. 
W e focused on the preparat ion o f monon icke l (n ) complexes o f the dinucleat ing 
l igands 17，24 and 32 as the precursors for synthesis of corresponding homo- and 
heterobimetal l ic complexes (Scheme 14). 
Scheme 14 
y v w 
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Scheme 14 (Continued) 
^ ^ ^ jC EtOH reflux ) ~ 
^ O o o 
32 39c 90-100% 
Drop wise introduct ion of ethanolic solution o f N i ( 0 A c ) 2 (1 equiv ) to the 
l igands i n re f lux ing ethanol gave N i ( I I ) complexes in nearly quantitative yields. 
Recrystal l izat ion o f the complexes f rom CH2Cl2 /E tOH afforded red crystals which 
were soluble in CH2CI2, CHCI3 or D M F and part ial ly soluble in E t O H or MeOH. 
The complexes were diamagnetic and exhibited sharp ^ H N M R spectra. 
The incorporat ion o f n icke l ion to the l igands was conf i rmed by X- ray 
fluorescence study o f the metal complexes (figure 6). 
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F igu re 6. X- ray fluorescence of the nickel(II) complexes 39a-c 
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Preparat ion o f monometa l l i c complexes f rom d inuc leat ing l igands of ten 
encounters problem of site occupancy selectivity. Non site selective metallation may 
arise f r om presence o f overwhelmingly similar binding sites leading to a mixture of 
mono- and bimetal l ic complexes and pure monometall ic species can be obtained only 
by emp loy ing part icular reaction condit ions (e.g. low temperature) ^d Several 
dinucleat ing systems wi th considerably different binding sites were demonstrated to 
exhibi t site specific metal lat ion-with a variety of metal ions.2，34’51 i n order to study 
the site preference o f our N N O O - O O X X system, the ^H N M R and IR spectra o f the 
respective dinucleating ligands and their nickel (I I) complexes are compared (table 5). 
T a b l e 5. Comparison o f ^ H N M R and IR data of dinucleat ing ligands and their 
n icke l (n) complexes. 
C o m p o u n d IRQ c m ] ^ H N M R ^ (5) ppm 
3600-2400COoh) 1.35(s, 18H), 1.41 (s, 12H), 7.15-7.20 (m, 
17 、b 2H), 7.33 (d, 2H), 7.69 (tb, 2H). 7.96 (d, 
2H), 8.05 ( d，2H)，8.44 (s, 2H), 8.68 (d， 
l l l l 2H)，14.76 (bs，2H) 
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^ T Z T T " 一 1.34 (s, 18H), 1.49 (s，12H), 6.86 (tb, 2H), 
39a ioiyi^uc-N； 6.99 (m, 2H), 7.17 (d, 2H), 7.58 (s, 2H), 
1553 8.15 (d，2H)，8.19 (d，2H)，8.61 (d, 2H) 
3600-2400C0OH) 1.07 (s, 18H)，1.34 (s. 12H). 6.76 (dd，2H). 
24 1。-,,、、办 7.l9(d’2H)’7.32(m’20H)’8.31(s’2H)’ 
162d(-Uc-n) 14.37 (bs，2H) 
Z Z Z T ^ 1.04 (s，18H), 1.39 (s, 12H), 6.82 (m, 2H)， 
39b ( c-N) 6.98 (d，2H), 7.20-7.36 (m, 20H), 7.51 (s， 
J436 i ^ ) 
3200-2400aW) 1.38 (s，18H), 7.19 (m, 2H), 7.61 (tb, 2H)， 
32 1-。-,,、 r 7.76 (s，2H). 7.95 (d, 2H)，8.11 (d，2H), 
1585CUc-n)。 8.21 (d’ 2H), 8.29 (d，2H), 8.41 (d, 2H), 
8.63 (d，2H), 15.70 (bs，2H) 
1.42 (s，18H)，6.74 (tb, 2H), 6.97 (m，2H), 
1584CUc-n) 7.39 (s，2H), 7.72 (d, 2H), 7.91 (s’ 4H), 
8.09 (d, 2H), 8.11 (d，2H), 8.63 (d, 2H) 
1435 
a Only selected peaks are presented, b C N stretch of C = N imine bond, c Aromatic C N 
stretch . d Recorded in CDCI3 with TMS as internal standard. 
The occupancy o f the inner salen-like N N O O cavity by N i ( I I ) ion in the three 
dinucleating systems was prel iminar i ly supported by the diamagnetism of complexes 
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because most o f the d^ n icke l ( I I ) salen complexes have been demonstrated to exhibi t 
square planar geometry and diamagetism.32 The assignment was further jus t i f ied by 
compar ison o f the IR and ^H N M R spectra. 
In the IR spectra o f al l the three n ickel ( I I ) complexes, no broad peak at 3600-
2400 c m - 1 was observed ind icat ing deprotonat ion o f the phenol ic O H groups by 
meta l la t ion . I n compar ison to the IR spectra o f parent l igands 17 and 2 4， t h e 
complexes 39a and 39b show lower D c = n o f the azomethine group indicat ing that the 
im ine bonds o f the n icke l ( I I ) complexes have sl ight ly less double bond character.22 
The reduced bond strength can be ascribed to the slight d-7r* back bonding between 
the metal and azomethine group and the d-TU* overlap is not unreasonable in a square 
planar geometry. 39c exhibi ts D c - n very close to that o f 32 because electron is back 
donated to n o f the aromatic phenanthrol ine r i ng instead o f C = N l inkage. The 
observat ion o f reduced O N stretching frequencies was accompanied by the shifts o f 
^ H N M R spectra upon metal lat ion to substantiate the assignments o f site occupancy 
(table 5 and f igure 7). 
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F i g u r e 7. Comparison o f ^ H N M R spectra of ligands 17, 24 and 32 and their N i ( I I ) 
complexes 39a-c. 
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The complexes 39a-c exhib i t single set o f proton signals in their respective ^ H 
N M R spectra i nd i ca t i ng that on ly one posi t ional isomer was obta ined for each 
comp lex . Hence the meta l la t ion was site specif ic. Wh i l e both 39a and 3 9 b show a 
substant ia l up f i e ld sh i f t o f the azomethine proton signals (5 7.58 and 5 7.51) in 
compar ison to thei r parent l igands 17 and 24 ( 5 8.44 and 5 8.31), the signals o f 
py r id ine a proton and phosphino protons were basical ly unaltered by metal lat ion. 
The 1 3 c N M R spectra i l lustrate the downf ie ld shifts o f the ethylene bridge carbon 
signals f r o m 65-66 ppm to 71-72 ppm upon complexat ion as another suppor t ing 
evidence. It was bel ieved that the n icke l ( I I ) ion was coordinated by the azomethine 
n i t rogen instead o f the p y r i d y l or phosphino groups. The upf ie ld shift o f azomethine 
pro ton signal can be part ia l ly explained by the reduced double bond character o f C - N 
bond and the deprotonat ion o f phenol ic hydroxy l group. The negative charge o f the 
phenoxy group may be delocal ized v ia the aromatic ring to increase the electron 
densi ty o f the C = N bond and enhance the shie ld ing e f fec t .^ - The conjugat ion is 
enabled by the planar geometry o f nickel complexes (f igure 8). 
——^ ^ O ——^o • etc. 
F i g u r e 8. Delocal izat ion o f negative charge on the conjugated salen moiety. 
T h e 1 h N M R spec t rum o f 3 9 c also exh ib i t s s ign i f i can t sh i f t o f the 
phenanthro l ine ring proton signals in comparison to that o f parent l igand 32. Figure 
7(c) indicates that a l l the phenanthrol ine ring proton signals were upf ie ld shifted after 
meta l la t ion (5 7.39，8.09，8.11 c,f. 5 7.76, 8.29’ 8.41) but the pyr id ine a proton signal 
was v i r tua l l y unaltered. The upf ie ld shif t can be attr ibuted to the increased electron 
density o f the phenanthrol ine ring (phen) arising f rom metal to phen n back donation 
or delocal izat ion o f negative charge f rom phenolic group to phenanthroline ring v ia the 
planar conjugated system. 
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The considerable upfield shifts of azomethine proton and phenanthroline r ing 
proton N M R signals accompanied by decreased azomethine C N stretching frequencies 
strongly suggest incorporation o f nickel ion into the inner N N O O cavity. The vir tual ly 
unaltered phosphino proton and pyridine a proton signals indicate that occupancy of 
the outer O O X X site was un l ike ly and the salen-l ike monon icke l ( I I ) complexes 
proposed in Scheme 14 were obtained. The site selectivity can be explained by the 
topology o f the inner and outer binding sites. The inner N N O O site is a close cycl ic 
cav i ty and such b ind ing system was known to af ford very stable complexes wi th 
transit ion metal cations.53 The X groups o f the O O X X site serve as the more f lexible 
acycl ic open ends hence association constants o f complexat ion for this binding site 
should be smaller. This factor may be important for the N N O O - O O N N system as the 
nature o f the neighbouring binding sites is similar. For the NNOO-OOPP system, the 
nature o f metal ions should inf luence the site preference. Softer metal ions such as 
second and third row transition metal ions may prefer the outer OOPP site especially 
when m i l d reaction conditions are e m p l o y e d ) 
The monometal l ic complexes obtained by this method were further coordinated 
w i t h the second metal ions to achieve the synthesis o f homo- and heterobimetall ic 
complexes. 
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I I I . P r e p a r a t i o n o f b imeta l l i c complexes 
In our pre l iminary study on the bimetal lat ion o f dinucleat ing systems, we 
targeted on the py r idy l der ivat ives o f Sch i f f base and 2,9-b is(^>-phenol ic) - l ,10-
phenan th ro l ine as two representative systems fo r the synthesis o f b imeta l l ic 
complexes. Incorporat ion o f an identical or dif ferent metal ion to the monometal l ic 
precursor 39 is expected to a f ford the corresponding homo- or heterobimetal l ic 
complexes 40. 
k J k J 
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In order to prepare the representative examples o f homobimeta l l ic and 
heterobimetal l ic complexes, N i ( I I ) and Cu(I I ) ions were chosen as the second metal 
ions to be incorporated to the dinucleating ligands. As various dinuclear complexes of 
copper and other metals have been demonstrated to serve as the models of enzymatic 
active sites for oxygen transport and a c t i v a t i o n , s y n t h e s i s o f bimetall ic complexes 
o f copper has been the subject o f extensive invest igat ion in recent years.^ We 
attempted to prepare the homobimetal l ic d in ickel (11) complexes and nickel ( I I )-
copper (11) heterobimetal l ic complexes of our dinucleating systems according to the 
sequential metal lat ion method developed in Scheme 14 and Scheme 15. 
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Scheme 11 
\ = / EtOH/CHaCN \ = / 
O i n ~ 
39a 40a M = Ni 74% 
40b M = Cu 50% 
y—^ E10H/CH3CN 、 M , 
U O kx" O 
^ 40c M = Ni 65% 
40d M = Cu 60% 
In t roduc t ion o f M ( 0 A c ) 2 in hot E t O H to the monon icke l ( I I ) complexes 39 in 
r e f l u x i n g E t O H / C H s C N a f f o r d e d the b i m e t a l l i c c o m p l e x e s 4 0 a - d as the 
hexaf luorophosphate salt after N H 4 P F 6 was added. The b imeta l l ic complexes were 
f ound to be paramagnet ic hence they exhibi ted very broad ^ H N M R spectra. The i r 
magnet ic moments determined by Evans method^^ are tabulated in table 6. 
T a b l e 6. Magnet ic moments" in ) ip(B.M.) at 25°C for the bimetal l ic complexes 40a-d. 
M a g n e t i c m o m e n t Sp in -on ly magnet ic m o m e n t " 
e 一 X ^ 
40a ^ 
40b 
40c ^ ^ 
40d 2.21 1.73 
a Magnet ic moments o f complexes in solution were measured in acetone-d6. 
b j i so = [n ( n + 2 ) ] " 2 where n = no. o f unpaired electrons based on the assumption 
that the d8 N i ( n ) ion in the inner cavity was diamagnetic. 
The room temperature magnetic moments measured in solut ion were correlated 
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wi th the spin-only magnetic moments assuming that N i ( I I ) ion in the inner cavity was 
diamagnetic and no metal ion scrambling has taken place. Hence the spin-only values 
o f the b imeta l l i c ensemble were derived f rom that o f spin di lute paramagnetic 
centres55 in outer site. 
The structure o f the homobimetal l ic complex 40a has been determined by X-ray 
c rys ta l lograph ic study o f the single crystals grown f rom C H 2 C l 2 / E t O H . The 
perspective v iew o f the structure is shown in figure 9 and the collection of bond angles 
and bond lengths is tabulated in table 7. 
。 P C ( 3 ) 
C ( 2 ) 厂 
C(13) 
F igu re 9. Perspective v iew of the molecular structure of cation 40a 
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T a b l e 7. Selected bond lengths (A) and angles ( deg) for 40a. 
Bond lengths (A) Bond angles (deg) 
N i ( l ) - N i ( 2 ) “ 2.950(3) 0 ( 1 ) - N i ⑴ - N ⑴ 94.6(5) 
N i ( l ) - 0 ( 1 ) 1.879(9) 0 ( 1 ) - N i ( l ) - N ( l a ) 173.2(5) 
N i ( l ) - N ( l ) 1.84(1) 0 ( l ) - N i ( l ) - 0 ( l a ) 84.6(6) 
N i ⑵ - 0 ( 1 ) 2.008(9) N ( l ) - N i ( l ) - N ( l a ) 87.0(8) 
N i ( 2 ) - 0 ( 2 ) 2.13(1) . 0 (1 ) -N i (2 ) -N(2) 88.7(4) 
N i ⑵ - N ( 2 ) 2.02(1) 0 ( l ) - N i ( 2 ) - 0 ( l a ) 78.1(6) 
O ⑴ - C ( 6 ) 1.31(3) O ⑴ - N i ( 2 ) - 0 ( 2 a ) 92.0(4) 
N ( l ) - C ( l ) 1.48(2) 0 ( l ) - N i ( 2 ) - 0 ( 2 ) 86.5(4) 
N(1) -C(4) 1.26(3) 0(1) -Ni (2) -N(2a) 166.2(4) 
C ⑷ - C ( 5 ) 1.45(2) N(2)-Ni(2)-N(2a) 104.7(7) 
C(5)-C(6) 1.39(2) N(2) -N i (2 ) -0 (2) 91.1(5) 
C(6)-C(7) 1.41(2) N(2)-Ni (2) -0(2a) 90.1(5) 
C(7)-C(15) 1.50(2) 0 (2 ) -N i (2 ) -0 (2a) 178.1 (5) 
C(15)-N(2) 1.35(3) N i ( l ) - 0 ⑴ - N i ( 2 ) 98.7(5) 
C(19)-N(2) 1.32(2) N i ( l ) - 0 (1 ) -C (6 ) 124.6(8) 
Ni(2) -0(1) -C(6) 124.7(8) 
N i ( l ) - N ( l ) - C ( l ) 113(1) 
N i ( l ) - N ( l ) - C ( 4 ) 122.5(9) 
N ( l ) - C ( l ) - C ( 3 ) 113(2) 




a The value is regarded as interatomic distance. 
The structure o f the bimetal l ic complex possesses a C : symmetry w i th a 
crystal lographic two-fo ld axis passing through the midpoint o f the ethylene bridge and 
both nickel ions. The perspective v iew indicates the presence o f two nickel( I I ) ions 
br idged by the phenoxy groups in the nuiltidendate ligand. The N i ( I I ) ion in the inner 
N N O O cavi ty is four-coordinated to exhibit a square planar geometry as expected 
w h i l e the another in the outer O O N N site is six-coordinated wi th two ethanol 
molecu les as the axial l igands to show an octahedral geometry, resul t ing in 
paramagnetism o f the complex. The N i ( I I ) ions are bridged by two phenolic oxygen 
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atoms to exhib i t an internal planar four-membered r ing which has been observed in 
the s imi lar phenol ic br idged bimetal l ic systems.^^ Most of the bond distances and 
bond angles are unexceptional. It is noteworthy that the equatorial N i - N and N i - 0 
bonds ( N i ( l ) - N ( l ) = 1.84(1) A and N i ( l ) - 0 ( 1 ) = 1.879(9) A ) in the four-coordinating 
inner site are considerably shorter than those in the six-coordinating outer site ( Ni(2)-
N ⑵ = 2 . 0 2 ( 1 ) A and N i ( 2 ) - 0 ⑴ = 2 . 0 0 8 ( 9 ) A) . This observation is consistent wi th 
the fact that the effect ive ionic radius increases wi th coordination number.27 Another 
impor tant data for bimetal l ic complexes are the metal-metal distances. The nickel-
nickel separation is 2.950(3) A , which is close to that o f an analogous dinickel Schi f f 
base-carboxylate complex (2.959(1) A )】3b but considerably shorter than those o f 
d in ickel complexes o f macrocycl ic Schiff base ligands (3.0240(9) A and 3.163 (4) k汝 
and 3.005(2) A57). Hence it is not unreasonable to assume the closely spaced nickel 
ions can interact either through space or via the nearly planar molecular framework in 
which the dihedral angle between the two phenyl groups related by the two-fo ld axis is 
8.9°. It is noteworthy that attempts to obtain single crystals of the dinickel complexes 
as the acetate salt were not successful but the hexafluorophosphate salt afforded single 
crystals sui table for X - ray crystal lographic determinat ion. We speculated that 
hexafluorophosphate is a more size matching counter anion which can promote the 
crysta l l izat ion. The hydrogen bonding between the coordinated ethanol and the 
hexafluorophosphate anion (f igure 10) may also serve as a minor dr iv ing force for 
crystal l ization. 
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X) 
t t f { \{ti 
F i g u r e 10. Stereov iew o f the crystal structure o f 40a. Hydrogen bonding is 
represented by broken lines. 
The crystal structure o f the N i -Cu heterobimetallic complex 40b has also been 
determined by X - ray crystal lography. The identity o f 40b was first characterized by 
X - ray fluorescence (f igure 11)。 
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F i g u r e 11. X- ray fluorescence spectrum of 40b. 
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The X - r a y f luorescence spectrum indicates the presence o f both n ickel and 
copper w i t h s imi la r signal intensit ies hence the ident i ty o f 40b as heterobimetal l ic 
comp lex was pre l im inar i l y just i f ied. 
The phys ica l and crystal lographic data o f 40a and 40b are tabulated in table 8 
fo r compar ison. 
T a b l e 8. Selected physical and crystal lographic data for 4Qa and 40b. 
40a 
Mo lecu la r fo rmu la C42H56N4N i204 .2PF6 C42H56CuN4Ni04 .2PF6 
Mo lecu la r we ight 1088.3 1093.1 
Co lour and habit ye l low parallelepipedon yel low green plate 
Crysta l size 0.20x0.20x0.30 m m ^ 0.15x0.30x0.40 m m ^ 
Crysta l system monocl in ic monocl inic 
Space group C2/c C2/c 
U n i t ce l l parameters a = 19.693(3)A P= 135.59(l)° a = 19.946⑵A P = 135.64(1)。 
b = 19.378(3)人 V = 5086(l)a人3 b= 19.340(2)A V^  = 5098.5(9)A3 
c 二 19.044(3)人 Z = 4 厂(000) 二 2248 c = 18.906(2)A Z = 4 厂(000) = 2252 
Dens i ty (calcd) 1.421 1.424 
R f = 0.075 0.068 
S I \fo- \Fo I \Fo I 
The b imeta l l ic complexes 40a and 40b exhibi ted highly similar crystals for X -
ray crysta l lographic determinat ion. Both crystals are monocl in ic and belong to the 
space group C2/c (No. 15). Thei r unit cell parameters are also similar. The similar i ty 
is not unexpected because both complexes were derived f r o m the same molecular 
f r a m e w o r k and the crysta ls were obta ined f r o m the same solvent system 
( C H 2 C l 2 / E t O H ) . The dif ference in colour was supposed to arise f rom the presence of 
d i f fe ren t metals (n ickel versus copper) in the respective bimetal l ic complexes. The 
perspective v i ew o f the structure o f 40b is shown in f igure 12. 
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C(3) Q O 於） 
f C(2)\ 
F igu re 12. Perspective v iew of the structure of 40b. 
Resembling the homobimetal l ic complex 40a, the heterobimetallic complex 40b 
possesses the same C2 molecular symmetry w i th a crystallographic two- fo ld axis 
passing through the midpoint o f the ethylene bridge and both metal ions. The nickel 
ion is four-coordinated in the inner N N O O square planar site as expected whi le the 
copper ion is s ix-coordinated in the outer O O N N site to exhib i t an octahedral 
geometry w i t h ethanol as axial ligands. Consequently, the metal ions are bridged by 
the phenolic oxygen atoms to exhibi t a planar four-membered ring. Most of the bond 
distances and bond angles are unexceptional and the selected values are presented in 
table 9. 
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Table 9. Selected bond lengths (A) and angles ( deg) for 40b. 
Bond lengths (A) Bond angles (deg) 
N i ( l ) - C u ( l ) a 2.898(2) 0 ( 1 ) - N i ( l ) - N ( l ) 95.0(4) 
N i ( l ) - 0 ( 1 ) 1.859(7) N ( l ) - N i ( l ) - 0 ( l a ) 172.3(4) 
N i ⑴ - N ( l ) 1.823(9) 0 ( 1 ) - N i ⑴ - O ( l a ) 83.2(4) 
Cu(l)-0(1) 1.948(7) N(l)-Ni(l)-N(la) 87.7(6) 
Cu ⑴ - 0 ( 2 ) 2.460(7) O ⑴ - C u ( l ) - N ( 2 ) 89.9(3) 
Cu ⑴ - N ( 2 ) 1.963(9) 0 ( l ) - C u ( l ) - 0 ( l a ) 78.6(4) 
0 (1 ) -C (6 ) 1.34(2) O ⑴-Cu( l ) -〇(2a) 91.6(3) 
N ( l ) - C ( l ) 1.50(1) 0 ( l ) - C u ( l ) - 0 ( 2 ) 86.0(3) 
N(1) -C(4) 1.27(2) 0 (1 ) -Cu( l ) -N(2a) 167.1(2) 
C ⑷ - C ⑶ 1.44(2) N(2)-Cu( 1 )-N(2a) 102.0(5) 
C(5)-C(6) 1.40(2) 0 (2 ) -Cu ( l ) -N (2 ) 93.6(3) 
C(6)-C(7) 1.39(2) 0(2)-CLi( l ) -N(2a) 88.4(3) 
C(7)-C(15) 1.49(2) 0 ( l a ) -Cu ( l ) -N (2a ) 89.9(3) 
C(15)-N(2) 1.35(2) N K l ) - 0 ⑴ - C u ( l ) 99.1(4) 
C(19)-N(2) 1.34(1) N i ( l ) - 0 (1 ) -C (6 ) 125.1(9) 
C u ( l ) - 0 ⑴ - C ( 6 ) 124.0(5) 
N i ( l ) - N ( l ) - C ( l ) 113.2(9) 
N i ( l ) - N ( l ) - C ( 4 ) 123.7(6) 
N ( l ) - C ( l ) - C ( 3 ) 113(1) 
N ( l ) - C ( l ) - C ( l a ) 103.6(5) 
Cu( l ) -N(2)-C(15) 124.0(6) 
Cu( l ) -N(2)-C(19) 117(1) 
|C(7)-C(15)-N(2) 121.0(9) 
a The value is regarded as interatomic distance. 
The bond lengths and angles o f 40b are consistent w i th that o f 40a but signif icant 
discrepancy can be observed. 40b exhibits substantial lengthening of axial C u - 0 bonds 
o f the 6-coordinated copper ion to ethanol l igand (2.460(7) A ) in comparison to the 
corresponding axial N i - O bond o f 40a (2.13(1) A) . As the difference in the effective 
ionic radius o f N i ( I I ) and Q i ( n ) in 6-coordinating environment was reported to be less 
than 0.1 A，27 the observation strongly suggests Jahn-Teller distortion of the metal ion 
in octahedral environment o f 40b and i t serves to conf i rm the assignment o f Cu(II) ion 
because Jahn-Teller distort ion is the characteristic of octahedral Cu(I I ) complexes.^S 
51 
The shorter equatorial Cu-O bonds (1.948(7) A c / . N i - 0 2.008(9) A ) and Cu-N bonds 
(1.963(9) A c / . N i - N 2 . 0 2 ⑴ k ) give rise to smaller metal-metal separation (Ni-Cu = 
2.898(2) A ) in comparison to the N i -N i distance (2.950(3) A ) o f the dinickel complex. 
The attempts to prepare single crystals o f 4 0 c and 4 0 d were unsuccessful. 
A l though X-ray crystallography is the most powerful tool for structural determination, 
electronic spectroscopy is a viable alternative to understand coordination chemistry. 
The U V - V I S measurements have been extensively adopted to study the coordination 
geometry o f monometa l l ic and bimetal l ic c o m p l e x e s 3 4 ， 5 5 and they are especially 
important for those complexes for which X-ray determination is not applicable. Hence 
the electronic spectra o f monometal l ic complexes 39a -c and bimetall ic complexes 
4 0 a - d were analyzed to provide supporting evidences for characterization. 
The electronic spectra o f mono- and bimetall ic complexes are characterized by a 
strong metal to l igand charge transfer ( M L C T ) band at higher energies and much 
weaker d-d transition bands at lower energies which are often obscured by the stronger 
bands. The very strong band at 入rnax < 400 nm may be due to the ligand absorption 
such as azomethine n - n " transit ions. The charge transfer bands are probably 
associated w i th the phenolic ligands bound to the metals^^ and they may appear as 
shoulders on the more intense azomethine transitions in some cases. 
The absorption maxima and intensities of the charge transfer and d-d bands of 
39a-c and 40a-d are presented in table 10. 
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T a b l e 10. E lect ronic absorpt ion data o f the charge transfer and d-d transitions for 
monometa l l ic (39a-c) and bimetal l ic complexes (40a-d) . “ 
C o m p l e x 入max，nm (e, L m o l - l c n r l ) 
39a 424(12.9x103) 546 (156) sh 
40a 386 (9.29x103) 530(111) 
40b 376 (10.3x103) 738 (254) 
39b 424 (8.08x103) 556 (238) sh 
3 9 c 496(12.0x103) 
4 0 c 336 (12.0x103) 432 (4 .85x l03) 
4 0 d 380 (9.43x103) 636 (136) 
口 Spectra were run in CH2CI2 in the range between 250-1100 nm. 
The electronic absorpt ion data in table 10 exhib i t blue shifts in the charge 
transfer absorpt ion max ima upon the conversion o f mononicke l complexes to their 
b imeta l l ic counterparts as a general trend. This observation is signif icant but as far as 
we know the variat ions o f charge transfer bands礼49 were seldom discussed in the 
l i teratures on b imeta l l i c chemis t ry . As the charge transfer t ransi t ion has been 
associated wi th the phenolic l igands bound to metals,^^ we speculated that the shifts 
may arise f rom the coordinat ion o f the second metal to the br idging phenolic groups. 
As the phenolic groups are shared by two metal ions, the electron density donated to a 
part icular metal centre f r om the l igand may decrease. Hence the metal may become 
more posi t ive ly charged and the energies o f occupied d-orbitals wou ld decrease. As a 
consequence, the energy gap between metal d-orbi ta ls and l igand vacant orbitals 
increases result ing in higher energy M L C T transitions. 
Wh i l e the C T bands have been neglected in bimetal l ic chemistry, d-d transition 
bands have been extensively appl ied to assign coordinat ion geometry of mono- and 
bimetal l ic complexes.34，49 The electronic spectra o f the mononickel complexes 39a 
and 39b exhib i t a shoulder at 546 and 556 nm respectively but no other d-d band at 
lower energy was observed. This observation is the characteristic o f N i ( I I ) ion in 
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square planar g e o m e t r y , 3 4 , 5 8 support ing our above-mentioned assignments for the 
mononickel complexes based on proton N M R and IR study. No band or shoulder was 
observed at 500-700 nm in the spectrum o f 3 9 c , probably due to the complete 
obscuri ty o f the d-d band by the charge transfer band.58 The spectra o f N i ( I I ) -Cu( I I ) 
complexes 4 0 b and 4 0 d exhibi t single peak at 738 and 636 nm respectively. They can 
be attr ibuted to the C i i ( I I ) ion in octahedral environment.34d’55 The d-d bands for the 
N i ( I I ) ion in inner N N O O site were not observed and they may be obscured by the 
strong C T band. The d in icke l complexes 4 0 a gave rise to a broad peak at 530 nm 
probably as a composite band o f that due to octahedral and square planar N i ( I I ) . The 
complex 4 0 c anomalously afforded a less intense CT band but no d-d band can be 
observed. 
The assignments o f electronic spectra are hampered by low resolution, l imi ted 
range and absence o f some d-d bands. However , they can at least serve as the 
complementary too l accompany ing other spectroscopic methods for structural 
< 
determination o f monometal l ic and bimetall ic complexes. 
54 
C O N C L U S I O N 
In conclusion we have synthesized the dinucleating ligands 17，24，32, 38 in 
good overall yields and the monometall ic complexes 39a-c and bimetallic complexes 
40a-d derived f rom selected dinucleating systems were obtained. The salen (salen = 
N,N'-ethylene bis(salicyl ideneaminato)) type ligands 17 and 24 and the 2，9-bis(^> 
phenol ic)-1,10-phenanthrol ine derivatives 32 and 38 are characterized by an inner 
N N O O cavity and an outer O O X X (X = N, P) site bridged by phenolic groups. The 
monometal lat ion o f the dinucleating ligands with nickel ( I I ) salt was demonstrated to 
be site specif ic a f ford ing monon icke l (n ) complexes 3 9 a - c w i th the O O X X site 
unoccupied. Hence we developed a general method to prepare bimetall ic complexes 
v ia sequential metal lat ion o f the dinucleating ligands. Accord ing to this general 
procedure, Bis (5'-r-butyl-3'-pyridylsalicylidene) -1,1,2,2-tetramethylethylene diamine； 
d i n i c k e l ( I I ) h e x a f l u o r o p h o s p h a t e 40a and [Bis(5'-r-butyl-3'-pyridylsalicylidene)-
1,1,2,2-tetramethylethylenediamine] copper ( I I ) nickel ( I I ) hexafluorophosphate 40b 
have been prepared f rom mononickel complex 39a as the representative examples of 
homobimetal l ic and heterobimetallic complexes and their structures were studied by 
X-ray crystallography exhibit ing C2 molecular symmetry with close Ni -N i (2.950(3) 
A ) and Ni -Cu (2.898(2) A ) separations. 
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E X P E R I M E N T A L 
U V - V I S spectra were recorded on a Hitachi U-3300 spectrophotometer using 
C H 2 C I 2 as the solvent. X- ray fluorescence spectra were obtained on a Tracor Xray 
Spectrace 5000 (Energy Dispersive Xray Fluorescence Spectrometer). IR spectra were 
recorded on a Nicolet (205) FT- IR spectrophotometer as neat f i l m on K B r plates. ^H 
N M R spectra were recorded either on a JEOL P M X 60 SI (60 M H z ) or a Brucker W M 
250 (250 M H z ) spectrometer. Chemical shifts (5) were reported in ppm downf ie ld 
f r o m internal standard tetramethylsilane and coupl ing constants (./ ) were reported in 
hertz. 13c spectra were obtained on a Brucker W M 250 (62.9 M H z ) spectrometer. 
Mass spectra (EI ) were obtained on a V G 70-70 system and F A R M S was recorded on 
a J E O L J M S - H X 110 Mass Spectrometer using m-ni t robenzyl alcohol ( N B A ) as 
matr ix by Nat ional Ts ing Hua Universi ty, Taiwan. Magnetic moments o f samples in 
solut ion were measured in acetone-d6 wi th coaxial N M R tube inserts according to the 
Evans m e t h o d , u s i n g the above-ment ioned Brucker W M 250 (250 M H z ) 
spectrometer. Elemental analyses were performed by the Medac Ltd, Department of 
Chemistry, Brunei Univers i ty , United Kingdom. 
Unless otherwise noted, all materials were obtained f rom commercial suppliers 
and used w i thou t further pur i f icat ion. 2-tr i -n-butylstannylpyr idine^^, 2,9-dibromo-
1,10-phenanthroline^^ and 2,3-ciiamino-2,3-ciiTnethylbutane^^ were prepared according 
to the literature methods. Tetrahydrofuran (THF) and diethyl ether were distil led from 
sodium benzophenone kety l immediately pr ior to use. Hexane was dist i l led over 
ca lc ium chlor ide and toluene was dist i l led f rom sodium. Silica gel (70-230 mesh) was 
used fo r co lumn chromatography. Th in layer chromatography was performed on 
Merck precoated silica gel 60F254 plates. A l l melt ing points were uncorrected. 
« 
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5 . / e r N b u t y | . 2 - h y d r o x y b e n z a I c I e h y d e ( 1 4 ) . 6 l To a flask equipped wi th a ref lux 
condenser，stirrer, thermometer, and a nitrogen source was added anhydrous toluene 
(10 m L ) , 4 " m - b u t y l - p h e n o l (7.5 g, 50 mmol) , t in ( IV) tetrachloride (1.3 g, 5 mmol) , 
and ir i -nbLityl amine (3.7 g, 20 mmol ) . The mixture was s t irred for 20 min at room 
temperature, then paraformaldehyde (3.3 g, 0.11 mol) was added. The resulting yel low 
solut ion was heated at 90-100^C under nitrogen for 8-10 h. A f ter cooling, the reaction 
m ix tu re was pour ing into water (250 m L ) , acid i f ied to p H 2 w i th di lute HC l , and 
extracted w i th ether. The ethereal layer was washed wi th saturated NaCl solution, 
d r i ed ( N a 2 S 0 4 ) , and concentrated to give the crude react ion product. The 
sal icyaldehyde was pur i f ied by steam dist i l lat ion to give a ye l low oi l (6.7 g, 75%). Rf 
= 0 . 8 0 (hexane/ethyl acetate 6:1); ^H N M R (CDCI3, 250 M H z ) 5 1.22 (s, 9 H)，6.87 
(d，1 H , / = 8.6 Hz) , 7.22 (d, 1 H , / = 2.5 Hz), 7.32 (dd, 1 H , / = 2.5, 8.6 Hz), 9.77 (s, 
1 H)，10.78 (s, 1 H) ; IR ( f i lm) 3600-3200, 2964，1658, 1485，1265 c n r 、 
- 2 - h y c i r o x y b e n z a l d e h y d e (15).36 To a solution o f 14 (0.52 g, 
2.93 m m o l ) and sodium acetate (0.44 g, 5.37 mmol ) in 13 m L o f glacial acetic acid 
bromine (0.47 g, 2.93 mmo l ) in acetic acid (5 m L ) was added dropwise wi th in 1/2 h. 
The mix ture was heated at 50°C for 12 h. The solvent was removed in vacuo and the 
residue was poured into water and then extracted wi th dichloromethane. The organic 
layer was washed wi th Na2S205 and N a H C 0 3 solution and dr ied over M g S 0 4 . The 
solvent was removed，and the crude product was puri f ied by column chromatography 
using hexane/ethyl acetate (5:1) as the eluent ( R / = 0.70) to give pale yel low solids o f 
15 (0.71 g, 95%). mp 81-83 OC (CH2Cl2/hexane); ^H NMR (CDCI3, 250 MHz) 5 
1.30 (s, 9 H) , 7.48 (d，1 H , / = 2.2 Hz) , 7.79 (d, 1 H ’ / = 2.2 Hz) , 9.82 (s, 1 H)，11.39 
(s, 1 H ) ; 1 3 c (CDCI3, 62.9 M H z ) 5 31.00, 34.07’ 110.62，120.60, 129.26’ 137.41, 
144.04，155.64, 196.02; MS m/e ( % relative intensity ) 258 (M+2+，35), 256 (M+， 
35)，243 (100)，241 (100); IR ( f i lm) 3600-3200, 2958, 1656, 1456, 736，724 c m " !； 
Anal . Calcd. for C n H n B r O a ： C, 51.38; H ’ 5.10. Found: C, 51.20; H, 5.08. 
5 - /^r / -buty l -2 -hydroxy -3 -pyr idy lbenza!dehyde (16).37 The salicyaldehyde 15 (0.040 
g, 0.156 mmo l ) , 2-tri-nbutylstannyl pyr id ine (0.17 g，0.468 mmol ) and Pd(PPh3)4 
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’ (0.018 g，（).()156 m m o l ) were dissolved in anhydrous T H F (5 mL ) . The mixture was 
degassed by the freeze-thaw-pump method (3 cycles) and then heated at 100。C under 
n i t rogen for 72 h. The solvent was removed at reduced pressure and the residue was 
pur i f ied by co lumn chromatography using hexane/ethyl acetate (10:1) as the eluent (R / 
= 0 . 2 0 ) to g ive ye l l ow sol ids as the product (0.037 g, 93%). mp 89-910C (CH-
2Cl2/hexane); 1 h N M R (CDCI3, 250 M H z ) 5 1.37 (s, 9 H) , 7.30 (m, 1 H) , 7.89 (td，1 
H ， / = 1.8, 8.3 H z )’ 7.90 (d, 1 ft, / = 2.5 Hz) , 7.99 (d，1 H ， / 二 8.3 Hz), 8.09 ( d，1 H， 
/ = 2.5 Hz) , 8.56 (d, 1 H , y = 4.3 Hz) , 10.60 (s, 1 H) 15.09 (bs, 1 H) ； 13c N M R 
(CDCI3，62.9 M H z ) 5 31.30, 34.24, 119.57, 120.10, 122.01，124.25，127.13，129.75, 
137.93’ 140.05, 145.89，157.00’ 161.20, 190.80; MS m/e ( % relative intensity ) 255 
(M+，8), 240 (22), 227 (100), 212 (56); IR ( f i lm) 3600-2400, 1680，1597, 1480，1255 
c m - l ; Ana l . Calcd. for C16H17NO2： C, 75.27; H，6.71; N, 5.49. Found: C, 74.89; H , 
6.60; N , 5.42. 
Bis(5'-/-biityl-3'-pyridylsalicylidene)-l,l,2,2-tetraniethyIethylene diamine (17) 62 
T o a solut ion o f 16 (0.042 g, 0.165 mmo l ) in re f lux ing absolute ethanol (5 mL) , 
0.0096 g (0.083 mmo l ) o f 2,3-diainino-2,3-di inethylbutane in absolute ethanol ( 5 m L ) 
was added s lowly in 20 m in to y ie ld a yel low solution. The solution was ref luxed for 
1 h. A f te r cool ing, ye l low crystals were collected by f i l t rat ion. The rest o f product was 
obtained by cool ing the f i l trate at 0。C for several hours fo l lowed by filtration to af ford 
total ly 0.037 g o f bright ye l low solids as the product (76%) ‘ mp 218-220。C (ethanol); 
1h NMR (CDCI3, 250 MHz) 5 1.35 (s, 18 H), 1.41 (s, 12 H)，7.15-7.20 (m, 2 H), 7.33 
(d, 2 H , y = 2.5 Hz), 7.69 (td, 2 H, / = 1.9’ 7.5 Hz )，7.96 ( d， 2 H , y = 2.5 Hz), 8.05 (d， 
2 H , / = 8.3 Hz) , 8.44 (s，2 H) , 8.68 (d, 2 H, 7 = 4.3 Hz), 14.76 (bs, 2 H); 13c N M R 
(CDCI3, 62.9 M H z ) 5 23.63，32.14, 34.77，65.82, 119.67, 122.15, 125.31，127.66， 
129.86，131.51，136.45, 141.57, 149.81，156.65, 158.57, 162.48; MS mte (% relative 
intensi ty) 590 (M+，11); IR ( f i lm) 3600-2400, 2962，1628，1598, 1469, 1257 cm-1; 
U V - V I S [ 入 m a x , nm (£, L moI-^cm-1) ] 342 (21.5xl03)，434 (1.65xl03)； Anal. Calcd. 
fo r C 3 8 H 4 6 N 4 O 2 . I / 2 H 2 O : C’ 76.09; H , 7.90; N, 9.34. Found: C, 76.13; H, 7.85; N， 
9.35. 
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2 ,6 .d ib romo.4 . / ^ r / -b i i t y lpheno l (18).63 To a solution of 4-rm-buty lphenol (15.0 g， 
0.10 mol) in glacial acetic acid (100 mL), bromine (48 g, 0.30 mol) in glacial acetic 
acid (50 m L ) was added dropwise wi th in 1/2 h. The mixture was stirred at room 
temperature for 2 h. Na2S205 solution (50 mL) was added and the mixture was 
extracted wi th ether (2 x 100 mL). The ethereal layer was collected and dried over 
M g S 0 4 and pale yel low oi l was obtained after removal of solvent. Af ter standing for 
several hours at room temperature, colourless crystals ( 29.3 g, 96 %) were collected 
as product after washing wi th hexane. mp 69-70。C (lit.63 70-71。C); ^H N M R 
(CDCI3, 60 M H z ) 5 1.27 (s, 9 H), 5.73 (s, 1 H), 7.47 (s，2 H); IR ( f i lm) 3518, 2963, 
1499 c m - 1 
2，6-dibromo-4-/6Tfbut>1anisole (19).64 The phenol 18 (14.6 g, 0.048 mol) was 
dissolved in 50 m L of aqueous NaOH (1.9 g, 0.048 mol) solution. The solution was 
cooled at 5°C and to which Me2S04 (6.0 g, 0.048 mol) was added dropwise within 
1/2 h. The mixture was stirred at 70-80°C for 1 h. After cooling, saturated NaHCOs 
solut ion (50 m L ) was added and the mixture was stirred for 30 min fo l lowed by 
extraction wi th ether. The organic layer was collected and dried over MgS04 . Af ter 
removal o f solvent, pale yel low oi l (12.9 g, 84 %) was collected without further 
puri f icat ion. Rf = 0.80 (hexane/ethyl acetate 10:1); ^H N M R (CDCI3, 60 MHz) 5 
1.30 (s，9 H), 3.93 (s, 3 H), 7.57 (s，2 H); IR ( f i lm) 2964, 1478, 1422, 1273 c m ] . 
(3-bromo-5-/^r^butyl-2-Tnethoxy-phenyl) diphenylphosphine (20). To a solution 
of 19 (5.01 g, 15.6 mmol) in anhydrous ether (20 mL) , n -BuL i (1.6 M , 10 mL, 16.0 
mmol ) was added dropwise under nitrogen -78°C. The mixture was stirred for 1/2 h at 
-78°C to give a yel low solution to which PPh2Cl (3.44 g，15.6 mol) in anhydrous 
ether (10 m L ) was added dropwise at -78°C under nitrogen. The solution was allowed 
to warm up to room temperature and stir for 2 h. Di lute HCl (10 mL) was added to 
the solution at 5°C. The mixture was extracted wi th ether and the organic layer was 
col lected and dried over MgS〇4. Af ter removal of solvent, pale yel low oi l was 
obtained. Whi te crystals were collected by crystallization f rom ethanol and the crude 
product f r om mother l iqu id was pur i f ied by co lumn chromatography using 
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hexane/ethyl acetate ( 1 0 : 1 ) as the eluent (R/. = 0.70) to give total ly 5.0 g o f 20 
(75%). mp 1()1-103。C (CH2Cl2/hexane); 1h N M R (CDCI3, 250 M H z ) 5 1.08 (s，9 
H) , 3,77 (s, 3 H) , 6.64 (dd, 1 H, . / = 2.5, 4.2 Hz), 7.20-7.36 (m, 10 H), 7.50 (d, 1 H, J 
= 2 . 5 Hz); 13c N M R (CDCI3, 62.9 M H z ) 5 30.94，34.30，60.71 (d, / c p = 3.8 Hz), 
116.54，128.32 (d，/cp = 6.3 Hz), 128.54 (d, /cp = 20.8 Hz), 130.22，131.12, 131.63 
(d， /cp= 9.4 Hz) , 133.03 (cl, /叩 = 1 6 . 4 Hz), 133.68 (d, / c p = 20.8 Hz), 136.42 (d’ / cp 
= 1 1 . 3 Hz) , 148.34，156.55 ( d ” / c p = 18.2 Hz); MS m/e ( % relative intensity ) 428 
( M + 2 + ’ 98)，426 ( M + , 100). IR ( f i lm) 3069, 2962，1474，1267 c n W ; Anal. Calcd. for 
C23H24BrOP: C，64.65; H, 5.66. Found: C, 64.95; H , 5.69. 
5 - / m - b u t y I - 3 - d i p h e n y l p h o s p h i n o - 2 - n i e t h o x y b e n z a l d e h y d e (22). To a wel l -st i r red 
solut ion of 20 (2.94 g, 6.9 mmol ) and T M E D A (1.04 g, 9.0 mmol ) in anhydrous ether 
(10 m L ) , n - B u L i (1.6 M , 4.4 m L , 7.0 mmol ) was added drop wise at -78。C under 
nitrogen. The orange solution was stirred at -78。C for 1 h. Dist i l led D M F (2.52 g， 
34.5 m m o l ) was added to the solution via a syringe at -78。C under nitrogen. The 
mix ture was al lowed to warm up to room temperature and stir for 2 h. Di lute H C l was 
s lowly added to the reaction mixture unt i l pH = 2. A f ter st irr ing for 1-2 h, the mixture 
was extracted w i th dichloromethane and the organic layer was dried over Na2S04 to 
af ford ye l low o i l after removal o f solvent. The crude product was pur i f ied by column 
chromatography ( hexane/ethyl acetate 10 : 1) to give white solids o f 22 (1.82 g, 
70%). R/二 0.55; mp 125-126。C (CH2Cl2 /hexane); ^ H N M R (CDCI3，250 M H z ) 5 
1.10 (s, 9 H)，3.86 (s，3 H) , 7.01 (m, 1 H) , 7.24-7.35 (m, 10 H)，7.82 (d, 1 H, / = 2.3 
Hz ) , 10.35 (s’ 1 H) ; 1 3 c N M R (CDCI3，62.9 M H z ) 5 30.96，34.59，64.65, 126.25， 
128.62 (m)，132.57 (d，/cp= 16.4 Hz)，133.80 (d，/cp二 20,7 Hz) , 136.21 (d, / c p = 10.1 
Hz ) , 137.81，147.60，163.69 (d, Jcp= 17.6 Hz), 190.01; MS m/e (relative intensity) 
376 (M+，88)，348 (97)，185 (14); IR ( f i lm) 2963, 1687, 1586, 1247cm-1; Anal. Calcd. 
for C24H25O2P： C, 76.58; H，6.69. Found: C, 76.61; H , 6.73. 
5 ' f e i i ' b u t y U 3 - d i p h e n y I p h o s p h i n o -2 - h y d r o x y b e n z a I d e h y c l e (23). To a solution of 
22 (0.83 g, 2.2 mmo l ) in anhydrous CH2CI2 (20 mL) , B B r s (2.8 g, 11 mmol ) in 
anhydrous CH2CI2 (20 m L ) was added slowly via a syringe at -78 °C under nitrogen. 
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The ye l l ow solut ion was stirred at -78 under nitrogen for 2 h and al lowed to stir for 
fur ther 10 h at r oom temperature. The mix ture was added to ice water and extracted 
w i t h CH2CI2 . The aqueous layer was neutralized by saturated NaHCOs and extracted 
w i t h CH2CI2 . The dichloromethane extract was dr ied over N a 2 S 0 4 to give ye l low o i l 
w h i c h was pur i f ied by co lumn chromatography (hexane-ethyl acetate 10 : 1) to af ford 
pale y e l l o w sol id (0.63 g, 80 %). R / = 0.60; mp 110-112。C (CH2Cl2/hexane); I r 
N M R ( C D C I 3 , 250 M H z ) 5 1.28 (s, 9 H) , 7,06 (dd，1 H, / = 2.5，4.8 Hz) , 7.37 (m, 10 
H ) , 7.54 (d, 1 H , ./ = 2.5 Hz) , 9.90 (s, 1 H ) , 11.43 (d, 1 H , / = 2.8 Hz) ; 1 3 c N M R 
(CDCI3，62.9 M H z ) 5 30.87’ 33.99, 119.34, 122.47, 125.62 (d，./cp= 25.2 Hz) , 127.53， 
128.48 (d, / c p = 6.9 Hz) , 128.72 (d，Jcp= 22.0 Hz) , 130.72 (d，Jcp= 14.5 Hz), 133.81 
(d，/cp= 20.8 Hz ) , 135.79 (d, Jcp= 11.3 Hz), 138.94, 172.77，161.13 (d，/cp= 17.0 Hz) , 
199.80; M S m/e ( relat ive intensi ty) 362 ( M + , 36), 334 (100); MS m/e Calcd. for 
C23H23O2P： 362.1436. Found: 362.1410; IR ( f i lm) 3600-3200, 2963，1651cm-l. 
Bis (5'-/^r/-butyI-3-'diphenylphosphinosalicyIidene) - 1,1,2,2- tetramethylethylene 
d i a m i n e (24).62 T o a so lut ion o f 23 (0.20 g, 0.55 m m o l ) in re f lux ing absolute 
ethanol (10 m L ) , 2，3-diamino-2，3-dimethylbutane (0.033 g, 0.28 mmo l ) in absolute 
ethanol (10 m L ) was added s lowly in 20 m in to y ie ld a ye l low solution. The ethanolic 
so lut ion was re f luxed fo r 4 h. A f te r cool ing, the ye l low crystals were col lected by 
f i l t ra t ion to a f fo rd 0.155 g o f 24 (70%). mp 186-189°C (ethanol); ^H N M R (CDCI3, 
250 M H z ) 5 1.07 (s，18 H) , 1.34 (s，12 H), 6.76 (dd, 2 H , / = 2.5，4.5 Hz) , 7.19 (d, 2 
H , 7 = 2.0 Hz) , 7.32 (m, 20 H) , 8.31 (s, 2 H) , 14.37 (bs, 2 H) ; 13c N M R (CDCI3，62.9 
M H z ) 5 23.19, 31.17, 33.98, 65.21, 117.16，124.20 (d， /cp= 13.2 Hz) , 128.32 (m), 
129.25, 133.83 (d, / c p = 19.5 Hz) , 134.60’ 136.99 (d， /cp= 11.3 Hz) , 140.81，162.11 
(m) ; F A B M S m/e ( % relative intensity ) 805 ( M + 1 + 85); IR ( f i lm) 3600-2400’ 2962, 
1625, 1598, 1435 c n r l ; U V - V I S [Xmax, nm (e, L m o l - l c n r l ) ] 340 (7 .77x l03) , 436 
(1 .15X103) ; Ana l . Calcd. for C52H58N2O2P2.3 /2 H 2 O : C, 75.07; H , 7.39; N, 3.37. 
Found: C, 75.06; H，7.31 ;N ’ 3.25. 
2 -bromo-4-/^r / -bu ty lpheno l (26).^^ To a solution o f 4 - rm-bu ty lpheno I (15.0 g，0.10 
m o l ) i n CS2 (100 m L ) at O^C, bromine (15.9 g, 0.10 mo l ) in CS2 (50 m L ) was 
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added s low ly w i th in 2 h. The mixture was stirred at O^C for 1 h to give a ye l low 
solut ion. N a 2 S 0 5 and NaHC〇3 solutions were successively added to wash the 
mix ture . A pale ye l low o i l was col lected after extraction w i th ether and removal of 
solvent. Colourless crystals (18.0 g, 80%) were obtained by crystal l iz ing the o i l f rom 
ether/hexane mixture, mp 47-50。C (lit.65 49-52。C); ^H N M R (CDCI3, 60 M H z ) 5 
1.30 (s，9 H) , 5.37 (bs’ 1 H) , 6.93-7.45 (m, 3 H) ; IR ( f i lm) 3505, 2964, 1480’ 1278 
c m - l . 
2 -b ron io -4 - / ^ r / -bu ty lan i so le (27)/)6 NaOH (1.35 g，0.034 mo l ) in water ( 50 m L ) 
was added to 26 (7.75 g, 0.034 mol) to give a yel low solution. The solution was stirred 
at 0。C and M e 2 S 0 4 (4.26 g, 0.034 mol) was added s lowly w i th in 1/2 h. The mixture 
was then st irred at 80°C for 2 h. A solut ion o f saturated N a H C O s was added to 
remove iinreacted Me2S〇4. The mixture was extracted w i th ether and the ethereal 
solut ion was dr ied over MgS〇4. Af ter removal o f ether，a pale yel low l iquid (7.29 g, 
89%) was col lected wi thout further purif ication. ^H N M R (CDCI3, 250 M H z ) 5 1.29 
(s，9 H ) , 3.87 (s, 3 H), 6.83 (d, 1 H, / = 8.6 Hz), 7.27 (dd, 1 H , 7 = 2.3’ 8.6 Hz) , 7.54 
(d, 1 H , y = 2.3 Hz); MS mie ( % relative intensity ) 244 (M+2+, 21)，242 (M+ ’ 21), 
227 (100)，148 (55); IR ( f i lm) 2962，1490, 1291，1262, 1057 c r r r l 
2,9-bis (5-/^rf-butyl-2-methoxyphenyl)-l,10-phenanthroline (29)J9 The anisole 27 
(15.5 g，0.064 mo l ) in anhydrous ether (20 m L ) was transferred s lowly to dr ied 
f reshly cut l i t h i um metal (0.98 g, 0.14 mol ) in anhydrous ether (10 m L ) v ia a 
cannular . The mixture was ref luxed for 1 h under nitrogen and the aryl l i th io reagent 
was then transferred dropwise to 1,10-phenanthroline (1.44 g，8.0 mmol ) in anhydrous 
toluene (15 m L ) v ia a cannular under nitrogen to give a red solution. The mixture was 
a l lowed to stirred for 48 h at 40°C. The solution was then cooled to 5°C and water 
(30 m L ) was added under nitrogen to hydrolyze the reaction mixture. The organic 
layer was collected and the aqueous layer was extracted w i th CH2CI2. M n 0 2 (5.0 g, 
57 rnmol) was added to the organic solution and the mixture was stirred for 8 h and 
then dr ied over M g S 0 4 . A f te r f i l t ra t ion and removal o f solvent, a brown o i l was 
collected and pur i f ied by column chromatography (hexane/ethyl acetate 3 : 1 ) to give 
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whi te solids (3.2 g，80%) as the product. R / = 0 . 3 0 ; mp 115-118°C (CH2Cl2/hexane); 
i H N M R (CDCI3, 250 M H z ) 5 1.37 (s，18 H), 3.81 (s, 6 H)，6.95 (d, 2 H, / = 8.8 
Hz)，7.40 (eld, 2 H , 7 = 2.4，8.8 Hz), 7.78 (s，2 H )，8.04 (d，2H,J = 2.4 Hz), 8.06 (d，2 
H ， / = 8.5 Hz) , 8.20 (d，2 H , / = 8.5 Hz ); 1 3 c N M R (CDCI3, 62.9 M H z ) 5 31.68， 
34.22，55.94, 111.22, 125.26，125.96’ 126.84，127.42，128.97，129.74，135.01, 143.60， 
155.13，157.23; M S m/e ( % relative intensity ) 504 (M+，69)，503 (100)，486 (61); MS 
m/e Calcd. for C34H36N2O2： 504.2777. Found: 504.2777; IR ( f i lm) 2959, 1586， 
1494’ 1265 c m - ^ 
2,9.bis(3-bromo-5-/er/ .butyl-2.methoxyphenyl)-l ,10-phenanthroIine (30). To a 
solut ion o f 2 9 (0.314 g, 0.621 mmo l ) in CH2CI2 (10 mL) , A solution o f bromine 
(0.60 g, 3.7 mmo l ) in CH2CI2 (10 m L ) was added slowly wi th in 20 min. The mixture 
was stirred at 40°C for 48 h. Na2S205 solution, sat. NaHCOs solution and sat. NaCl 
so lu t ion were successively added to wash the cooled mixture. Extract ion o f the 
mix ture w i th CH2CI2 afforded a brown solution. A dark brown o i l was obtained after 
removal o f solvent. Puri f icat ion by column chromatography (hexane/ethyl acetate 3 : 1 
) g a v e wh i te solids o f 3 0 (0.33 g，80%). R / = 0.60; mp 202-204。C (CH2Cl2/hexane); 
1 h N M R (CDCI3, 250 M H z ) 5 1.36(s, 18 H), 3.66 (s, 6 H) , 7.64 (d，2 H, 7 = 2.5 H z )， 
7.86 (s, 2 H)，7.94 (d，2 H , / = 2.5 Hz), 8.17 (d, 2 H, / = 8.4 Hz), 8.31 (d, 2 H , / = 
8.4 Hz) ; 13c N M R (CDCI3, 62.9 M H z ) 5 32.14，35.33, 62.42’ 118.26, 125.27, 127.13, 
128.60，129.07，131.83, 136.36，136.73，147.09, 149.36，153.69, 157.28; MS m/e 
( re la t ive i n tens i t y ) 660 ( M + ’ 100); IR ( f i l m ) 2962 c n r 1; Ana l . Calcd. fo r 
C34H34Br2N202： C, 61.64; H , 5.17; N , 4.23. Found: C, 61.18; H, 5.18; N, 4.06. 
2,9-bis(5-/^r/-butyl-2-methoxy-3-pyridylphenyl)-l,10-phenanthroIine (31).37 The 
dibromide 30 (0.166 g, 0.25 mmol ) , 2-tr i -n-butylstannyl pyr id ine (0.368 g, 1.0 mmol ) 
and Pd(PPh3)4 (0.029g, 0.025 mmol) were dissolved in anhydrous T H F (5 mL) . The 
mix ture was degassed by the freeze-thaw-pump method (3 cycles) and then stirred at 
1200c under nitrogen fo r 120 h in sealed tube. The solvent was removed at reduced 
pressure and the residue was puri f ied by column chromatography (hexane/ethyl acetate 
1 : 1 ) to give whi te solids (0.142 g, 86%) as the product. R / = 0.20; mp 286-287°C 
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( C H 2 C l 2 / hexane) ; ^H N M R ( C D C I 3 , 250 M H z ) 5 1 . 42 (s, 18 H) , 3.40 (s，6 H) , 7 . 26 
(m，2 H ) , 7 .74 (td，2 H ” / = 1.9’ 7.5 H z ) , 7 .81 (d, 2 H ” / 二 2 .6 H z ) , 7 .86 (s，2 H ) , 7 .88 
(d，2 H , 8.0 H z ) , 8 .10 (d , 2 H , 7 = 2.6 H z )，8.25 ( d ， 2 H , y = 8.4 H z ) , 8 .31 ( d ， 2 H , y = 
8.4 Hz) , 8.76 (m, 2 H) ; ^ c N M R (CDCI3, 62.9 M H z ) 5 31.60, 34.66，62.08，121.72, 
124.82，126.18，127.66，129,02，129.74，133.58’ 134.54，135.65, 135.81，146.48， 
147.05，149.49, 154.20’ 157.05，157.36; M S m/e (relative intensi ty) 658 (M+，100)， 
657 (98); IR ( f i lm ) 2962，1585, 1479，1233 c m ] ; U V - V I S [人max ,睡（£, L m o l ] 
c m - l )] 298 (12.4x103)： Anal . Calcd. for C44H42N4O2: C, 80.21; H , 6.43; N, 8.50. 
Found: C, 79.93; H , 6.34: N , 8.49. 
2 , 9 . b i s ( 5 - / e / 7 - b u t y I - 2 - h y d r o x y - 3 - p y r i d y l p h e n y l ) - l , 1 0 - p h e n a n t h r o l i n e (32).67 The 
phenanthro l ine 3 1 (0.330 g, 0.50 m m o l ) was dissolved in C H 2 C I 2 (10 m L ) and the 
solut ion was degassed by the freeze-thaw-pump method (3 cycles). Then BBr3 (1.26 
g，5.0 m m o l ) in C H 2 C I 2 (10 m L ) was added s lowly to the solut ion at -78°C under 
ni trogen. The mix ture was stirred for 1 h at -78°C fo l lowed by st i rr ing for a further 12 
h at r o o m temperature under nitrogen. The ye l low solution was added to the ice water 
and the crude product was extracted w i th CH2CI2 . The organic layer was collected 
and the aqueous layer was neutral ized by N a H C 0 3 and extracted w i th CH2CI2. The 
organic solut ion was accumulated and dr ied over M g S 0 4 . The solvent was removed 
and the residue was pur i f ied by co lumn chromatography using ethyl acetate as the 
eluent to g ive ye l l ow solids o f 32 (0.316 g, 80%). Rf = 0.70; mp 280。C (dec. 
C H i C b / h e x a n e ) ; ^H N M R (CDCI3, 250 M H z ) § 1.38 (s, 18 H) , 7.19 (m, 2 H)，7.61 
(t, 2 H ， / = 7.0 Hz) , 7.76 (s, 2 H) , 7.95 (d，2 H ， / = 2.4 Hz), 8.11 ( d，2 H ， / = 8.1 Hz) , 
8.21 (d, 2 H ， / = 2.4 Hz, ) , 8.29 (d, 2 H , 7 = 8.7 Hz) , 8.41 (d，2 H ， / 二 8.7 Hz) , 8.63 
(m, 2 H ) , 15.70 (bs, 2 H ) ; 1 3 c N M R (CDCI3, 62.9 M H z ) 5 32.29, 34.98，121.93， 
122.27，123.36，124.08, 125.63，126.31，127.72，127.87, 129.13’ 137.12’ 141.66， 
143.80，148.35, 157.43” 158.11, 158.30; MS m/e (% relative intensity) 630 (M+， 
100)，629 (10)，615 (98), 599 (28); IR ( f i lm) 3200-2400, 2958，1585，1465, 1257 cm-1; 
U V - V I S [ 入 m a x ， n m ( £ ， L m o l ^ c m - ^ ) ] 308 (18 .9x l03) , 354 (17.9xl03)； Ana l . Calcd, 
fo r C42H38N4O2： C, 79.97; H，6.07; N ’ 8.88. Found: C, 79.70; H , 5.99; N , 8.70. 
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5 . / e r / . b i i t y l . 2 . m e t h o x y . 3 . c l i p h e n y l p h o s p h i n o p h e n y l bo ron ic ac id (36). To a 
solution of 20 (2.15 g, 5.05 mmol) and T M E D A (0.76 g’ 6.56 mmol) in anhydrous 
ether (10 mL) , n -BuL i (1.6 M, 3.2 mL, 5.12 mmol) was added dropwise at -78。C 
under nitrogen. The orange solution was stirred at -78°C under nitrogen for 1 h. 
Tr imethy l borate ( 0.79 g, 7.58 mmol) was added to the l i thio reagent at -78°C under 
nitrogen. The mixture was allowed to stir at -78°C for 1 h fol lowed by stirring at room 
temperature for 6 h. Di lute HCl was added to the reaction mixture unti l pH < 2. The 
mixture was stirred for 1/2 h and then extracted with CH2CI2. The dichloromethane 
solution was dried over Na2S04 and yel low solids were obtained after removal of 
solvent. The crude product was puri f ied by column chromatography (hexane/ethyl 
acetate 10 : I ) to afford white solids as product 36 (1.98 g, 74 %). Rf= 0.26; mp 182-
185。C (CH2Cl2 /hexane); ^H N M R (CDCI3, 250 MHz) 5 1.12 (s，9 H), 3.87 (s, 3 H)， 
6.25 (bs, 2 H), 6.91 (dd, 1 H, 7 = 2.7’ 4.8 Hz), 7.24-7.84 (m, 10 H), 7.85 (d，1 H, / = 
2.7 Hz) ; 13c N M R (CDCI3, 62.9 M H z ) 5 31.03，34.28，63.25 (d, ./cp = 7.5 Hz), 
128.30 (d”/cp 二 5.7 Hz), 128.46 (d，j^cp= 15.1 Hz), 129.14 (d”/cp = 15.1 Hz), 131.58, 
133.59 (d , ./cp 二 20.1 Hz), 134.39, 135.02, 136.73 (d, Jcp = 10.7 Hz), 147.05, 166.28 
(d，Jcp 二 18.2 Hz); MS m/e (relative intensity) 392 (M+, 14)，335 (51), 169 (100); IR 
( f i lm) 3416，2961, 1418, 1264 c n r l ; Anal. Calcd. for C23H26BO3P: C, 70.43; H， 
6.68. Found: C, 70.44; H, 6.78. 
2,9 - bis (5- / -butyl -3-diphenyIphosphino-2-niethoxyphenyl) - 1,10-phenanthroIine 
(37)47 2,9-dibromo-1,10-phenanthroline (0.079 g, 0.23 mmol) and Pd(PPh3)4 (0.021 
g, 0.023 mmol) were dissolved in toluene (2 mL) under nitrogen. N inCOs (0.109 g, 
1.03 mmol ) in water (1 mL) and 36 (0.202 g, 0.51 mmol) in ethanol (2 mL) were 
added to the toluene solution. The mixture was degassed by the freeze-thaw-pump 
method (3 cycles) and refluxed under nitrogen for 12 h. After cooling, the mixture 
was extracted wi th ether fo l lowed by CH2CI2. Af ter removal of solvent, the crude 
product was purif ied by column chromatography (hexane/ethyl acetate 3 : 1) to afford 
wh i te solids as the product 37 (0.166 g，82 %). Rf = 0.50; mp 145-147。C 
( C H 2 C l 2 / h e x a n e ) ; ^H N M R (CDCI3, 250 MHz) 5 1.17 (s, 18 H)，3.21 (s, 6 H), 6.82 
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(dd’ 2 H，./ = 2.5, 4.1 Hz), 7.35 (m, 20 H)，7.80 (s, 2 H) , 8.05 (d，2 H, / = 2.5 Hz), 8.22 
(s，4 H) ; IR ( f i lm ) 2961，1490，1434, 1002 c m ] ; F A B M S mie (relative intensity) 873 
(M+1+，75); Anal . Calcd. for C58H54N2O2P2： C, 79.80; H ’ 6.23; N, 3.21, Found: C， 
79.70; H , 6.25; N, 3.17. 
2，9 - bis (5-/.but}'1.3-diphenylphosphino-2-hydroxyphenyI) _ 1,10-phenanthroline 
(38). The phosphine 37 (0.098 g, 0.11 mmol ) was dissolved in CH2CI2 (10 m L ) and 
the solut ion was degassed by the freeze-thaw-pump method (3 cycles). Then BBr3 
(0.28 g，1.1 mmo l ) in CH2CI2 (10 mL) was added drop wise to the solution at -78°C 
under ni t rogen. The mixture was stirred for 1 h at -78°C fo l lowed by stirr ing for a 
fur ther 2 h at room temperature under nitrogen. The yel low solution was added to the 
ice water and the crude product was extracted wi th CH2CI2. The organic layer was 
co l lected and the aqueous layer was neutralized by NaHCOs and extracted wi th 
CH2CI2 . The organic solution was accumulated and dried over Na2S04. The solvent 
was removed and the residue was puri f ied by column chromatography (hexane/ethyl 
acetate 3 : 1) to give ye l low solids (0.057 g, 60 %) as the product. R / = 0.30; mp 
276。C (dec. CH2Cl2/hexane); ^ H N M R (CDCI3, 250 M H z ) 5 1.18 (s, 18 H) , 6.95 
(dd, 2 H , y = 2.0，3.9 Hz), 7.24-7.50 (m, 22 H), 7.76 (d, 2 H, 7 = 2.0 Hz), 7.97 (d, 2 H, 
J 二 8.0 Hz) , 8.04 (d, 2 H , / 二 8.0 Hz), 14.16 (s，2 H); F A B M S m/e (relative intensity) 
845 (M+1+，75); IR ( f i lm) 3600-2400, 2959, 1262 c r r f l . 
Nickel (II) [ bis ( 5'- /-but\i-3'-pyridylsaIicylidene ) -1，1，2，2 - tetramethylethylene 
diamine ] (39a). To a refluxing solution of the Schiff base 17 (0.050 g，0.085 mmol) 
in ethanol (10 m L ) , N i ( 0 A c ) 2 . 4 H 2 0 (0.021 g, 0.085 mmol) in hot ethanol (10 mL) 
was added dropwise w i th in 20 min. The red solut ion was ref luxed for 1 h. Af ter 
cool ing, the red sol id was f i l tered and the rest o f product was collected after removal 
o f solvent. The crude product was recrystallized f rom CH2Cl2 /EtOH to afford orange 
red crystals as product 39a (0.055 g, 95%). mp 396-398。C (dec. CH2Cl2/EtOH ); ^H 
N M R (CDCI3，250 M H z ) 5 1.34 (s, 18 H)，1.49 (s，12 H) , 6.86 (td, 2 H， / = 1.6，7.7 
H z )’ 6.99 (m, 2 H ) , 7.17 (d, 2 H , . / = 2.7 Hz), 7.58 (s, 2 H) , 8.15 (d, 2 H , / = 2.7 Hz), 
8.19 (d，2 H，/ 二 8.1 Hz), 8.61 (d, 2 H，/ 二 3.8 Hz); 13c NMR (CDCI3，62.9 MHz) 5 
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24.71，31.39，33.77, 71.59, 120.74, 12丄08，125.26，129.16’ 129.68, 134,21，136.05, 
137.25，148.37, 156.35, 158.63; F A B M S mie (relative intensity) 647 (M+1+，100)， 
646 (M+，28); IR ( f i lm) 2958, 1619’ 1554，840 c n r ! ; U V - V I S f W x , nm (e, L m o l ] 
cm-1) ] 424 (12.9x103) , 546 (156) sh; Anal . Calcd. for C38H44N4Ni〇2.H2〇：C, 
68.58; H, 6.97; N , 8.42. Found: C, 69.08; H , 6.82; N, 8.33. 
Nicke l (II)[ bis (5 ' ./-buty | .3 '-diphenylphosphinosalicylidene)-l,l ,2,2.tetramethyI. 
e t h y l e n e d i a m i n e ] (39b). To a re t lux ing solution of the Sch i f f base 24 (0.050 g, 
0.062 m m o l ) in ethanol (10 mL) , N i ( O A c ) 2 . 4 H 2 0 (0.015 g，0.062 mmol ) in hot 
ethanol (10 m L ) was added dropwise wi th in 20 min. The red solution was refluxed for 
1 h. A f te r cool ing, the red solid was fi l tered and the rest o f product was collected after 
remova l o f solvent. The crude product was recrystal l ized f rom CH2Cl2 /E tOH to 
a f fo rd red crystals (0.051 g, 95%) as product 39b. mp 331-334。C (CH2Cl2/EtOH); 
i H N M R (CDCI3, 250 M H z ) 5 1.04 (s’ 18 H)，1.39 (s, 12 H), 6.82 (m，2 H), 6.98 (d, 2 
H , J = 2.5 Hz )，7.20-7.36 (m, 10 H)，7.51 (s, 2 H) 13c N M R (CDCI3, 62.9 M H z ) 5 
24.62，31.00，33.51,71.18, 118.73, 127.55 (d” /cp二 22.0 Hz), 127.73, 128.78’ 129.15 
(d,/cp= 13.0 Hz)，133.86 (d，ycp= 13.2 Hz), 133.92 (d,/cp=21.4 Hz), 136.43，138.18, 
139.64 (d, Jcp= 17.0 Hz) ; F A B M S m/e (relative intensity) 861(M+1+，12); IR ( f i lm) 
2925, 2855, 1604，1436, 1262 cm"^; UV-VISp^rnax，nm (e, L m o l - W ^ ) ] 424 
(8.08x103)，556 (238) sh. Anal . Calcd. for C 5 2 H 5 6 N 2 N i 0 2 P 2 . H 2 0 : C, 71.00; H , 
6.65; N , 3.18. Found: C，71‘38; H, 6.87; N, 2.97. 
N i c k e l ( I I ) 2 ,9 -b is (5 - / -bu ty l -3 -pyr idy l -2 -phenoxy) . l ,10-phenanthro I ine (39c). To 
a re f l ux ing solut ion o f the l igand 32 (0.050 g, 0.079 mmol ) in ethanol (10 mL) , 
N i ( 0 A c ) 2 4 H 2 O (0.02()g, 0.079 mmol ) in hot ethanol (10 m L ) was added dropwise 
w i th in 20 min. The red solution was ref luxed for 1 h. Af ter cooling, the red solid was 
f i l tered and the rest o f product was collected after removal o f solvent. The crude 
product was recrystal l ized f rom CH2CI2 to af ford red crystals (0.050 g, 92%) as 
product 39c. mp > 40()。C (CH2CI2)； ^H N M R (CDCI3, 250 M H z ) 6 1.42 (s, 18H)， 
6 . 7 4 ( t b , 2 H , J 二 1.8, 7 .5 H z ) , 6 .97 ( m , 2 H ) , 7 . 3 9 (s, 2 H ) , 7 . 7 2 (d , 2H，J = 2 .5 H z ) , 
7 . 9 1 (s’ 4H)，8.09 (d，2H，J = 8.2 H z ) , 8 .11 (d，2H, J = 2.5 H z ) , 8.63 (d，2H, / = 4 .0 H z ) 
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； 1 3 c N M R (CDCI3，62.9 M H z ) 5 29.69’ 31.75, 118.64，120.40，121.18, 123.69， 
124.63’ 125.67’ 126.11, 130.99, 132.64’ 133.67，134.86, 135.46, 135.83，137.31， 
142.81’ 148.39, 152.22; F A B M S mIe (relative intensity) 687 ( M + 1 + 89); IR ( f i lm) 
2952，1584, 1513, 1436 c n r 1 ； U V - V I S f W , nm ( e , L m o l - l c m - l ) ] 496 (12.0xl03)； 
Anal . Calcd. for C42H36N4Ni02： C, 73.38; H, 5.28; N, 8.15. Found: C, 72.89; H, 
5.23; N, 8.07. 
[ B i s (5' . / -bi ityl - 3' -pyr idylsa l icy l idene) - 1,1,2,2 - t e tramethyle thy lene d iamine ] 
d in icke l (II) h e x a f l u o r o p h o s p h a t e (40a). To a ref lux ing solution of mononickel 
complex 39a (0.032 g，0.050 mmol) in 10 m L CHsCN/E tOH (1 :1 )，Ni (0Ac )2 .4H20 
(0.019 g, 0.075 mmol ) in hot ethanol (10 mL) was added. The orange solution was 
ref luxed for 1 h. To the hot solution NH4PF6 (0.050 g, 0.30 mmol) in ethanol (5 mL) 
was added. The mixture was ref luxed for a further 1/2 h. Af ter removal of solvent, 
CH2CI2 (50 m L ) was added to dissolve the residue and the solution was subject to 
f i l t rat ion. The fi l trate was collected and orange solids were obtained after removal o f 
solvent. Recrysta l l izat ion f rom C H 2 C l 2 / E t O H afforded orange crystals as the 
bimetall ic complex 40a (0.040 g, 74 %). mp 347-350。C (CH2Cl2 /Et〇H); F A B M S mIe 
(relative intensity) 704 ( M+- 2EtOH - 2PF6, 75); UV-VIS[？irnax, nm (8, L mo l - ^cm- l 
) ] 3 8 6 (9.29x103), 530 (111); Anal. Calcd. for C 3 8 H 4 4 F12N4Ni202P2-2C2H50H: C， 
46.35; H, 5.18 N, 5.15. Found: C, 45.92 H, 5.11; N, 5.09. 
[ B i s (5' - / -butyl - 3' • pyridylsal icyl idene) - 1,1,2,2 - te tramethylethylene d iamine ] 
c o p p e r (II) n icke l (II) hexaf luorophosphate (40b) . To a ref lux ing solution o f 
mononicke l complex 39a (0.050 g, 0.077 mmol) in 10 m L C H s C N / E t O H (1 : 1)， 
C u ( 0 A c ) 2 . H 2 0 (0.023 g, 0.116 mmol) in hot ethanol (10 mL ) was added. The yel low 
solution was ref luxed for 1 h. To the hot solution NH4PF6 (0.075 g，0.46 mmol) in 
ethanol (5 m L ) was added. The mixture was refluxed for a further 1/2 h. After removal 
o f solvent, CH9CI2 (30 mL ) was added to dissolve the residue and the solution was 
subject to f i l tration. The filtrate was collected and pale green solids were obtained after 
removal o f solvent. Recrystall ization f rom CH2Cl2 /EtOH afforded green crystals as 
the bimetall ic complex 40b (0.040 g, 50 %). mp 344-348。C (CH2Cl2 /EtOH); F A B M S 
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m/e (relative intensity) 709 ( M + - 2H2O - 2PF6, 5); UV-VIS[入丨職，nm (e, L m o H 
c n r l ) ] 376 (10.3x103)，738 (254); Anal. Calcd. for C 3 8 H 4 4 C L i F i 2 N 4 N i 0 2 P 2 . 2 H 2 0 : 
C，44.22; H, 4.69; N, 5.43. Found: C, 44.38; H, 4.42; N, 5.31. 
Dinickel (II) 2,9-bis ( 5 - /-butyl - 3 -pyridyl . 2 - phenoxy) - 1,10 . phenanthroline 
h e x a H u o r o p h o s p h a t e (40c ) . To a re f lux ing solution o f mononickel complex 39c 
(0.050 g, 0.073 m m o l ) in 10 m L C H g C N / E t O H ( 1 : 1 ) , Ni(〇Ac)2.4H2〇（0.030 g， 
0.121 mmo l ) in hot ethanol ( l O m L ) was added. The orange solution was ref luxed for 
1 h. T o the hot solut ion NH4PF6 (0.071 g, 0.44 mmol ) in ethanol (5 m L ) was added. 
The mix ture was ref luxed for a further 1/2 h. Af ter removal o f solvent, CH2CI2 (50 
m L ) was added to dissolve the residue and the solution was subject to f i l t rat ion. The 
f i l t ra te was col lected and orange sol id were obtained after removal o f solvent. 
Recrysta l l izat ion f rom C H 2 C l 2 / E t O H afforded orange powder (0.054 g, 65%). mp 
344-347。C (CH2C l2 /E tOH) ; F A R M S mie 744 ( M + - 2 PF6), 687( M + - 2 PF6 - N i + 
1); UV-VISpimax，nm (e, L m o l ] cn r l ) ] 336 (12.0 xlO^), 432 (4.85x103). 
Copper (ID nickel (II) 2,9-bis(5-/-biityl-3-pyridyl-2-phenoxy)-l,10-phenanthroline 
h e x a f l i i o r o p h o s p h a t e (40d) . To a re f lux ing solution of mononickel complex 3 9 c 
(0.050 g, 0.073 m m o l ) in 10 m L C H s C N / E t O H ( 1 : 1 )， C u ( 0 A c ) 2 H 2 O (0.024 g, 
0.121 mmo l ) in hot ethanol (10 m L ) was added. The yel low solution was ref luxed for 
1 h. T o the hot solution NH4PF6 (0.071 g, 0.44 mmo l ) in ethanol (5 m L ) was added. 
The mix ture was ref luxed for a further 1/2 h. A f te r removal o f solvent, CH2CI2 (50 
m L ) was added to dissolve the residue and the solution was subject to f i l t rat ion. The 
f i l t ra te was col lected and green solids were obtained after removal o f solvent. 
Recrystal l izat ion f r om C H i C b / E t O H afforded green powder (0.050 g, 60%). mp > 
400。C (CH2Cl2 /E tOH) ; F A B M S m " (relative intensity) 749 ( M + - 2PF6, 12); U V -
V I S plmax，nm (£’ L m o l ] c n r l ) ] 38O (9.43x103), 636 (136). 
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A P P E N D I X I 
Magnetic moments ( j i e f f ) measured by Evans method54 are derived f rom the 
fo l l ow ing equations: 
X = 3Avl (iKfc) 
M ) = Dif ference in the chemical shifts of TMS in the respective coaxial N M R tubes in 
hertz 
f = Operating frequency (hertz) o f the N M R spectrometer at which proton resonances 
are beinc studied 
c 二 Concentration of the sample in g / m L 
入s =入-入0 
入0 = mass suceptibi l i ty o f solvent (acetone) = 5.81x10-7 
入m 二 M.W. X 人s 
M . W . = Molecular weight of the sample 
^ieff = 2.84 U m T ) 
T = Temperature at which the magnetic moment is measured 
j i e f f 二 magnetic moment of the sample in B. M . 
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APPENDIX n 
Table 1. Data collection and processing parameters for X-ray crystallographic analysis 
of compound 32. 
Molecular formula 广 w m n 
Molecular weight 630.8 
Color and habit yellow block 
Crystal size 0.20 x 0.20 x 0.30 mm^ 
Crystal system orthorhombic 
Space group Pna2^ (No. 33) 
Unit cell parameters a = 12.858(3) A 1/ = 3404(1) h? 
b = 9.351(2) Z = 4 
c = 28.292(6) F(OOO) = 1336 
Density (calcd) 1.23 g 
Radiation graphite-monochromatized M o火 a ,入 = 0 . 7 1 0 7 3 A 
Standard reflections (2，1，4); (3,1,2); (3,1,0) 
Intensity variation ±2.5% 
Absorption coefficient 0.08 mm—1 
. ' — 1 
Scan type and rate w—scan; 3.00-40.00 deg min~ 
Scan range 0.60。 below Ka^ to 0.60° above Ka^ 
Background counting stationary counts for one-fourth of scan time 
at each end of scan range 
Collection range 0 < h < 14, 0 < k < 10, -31 < i < 0; 29 = 46° 
max 
Unique data measured 2543 
Obs. data with 丨i^J 2 4c7(|FJ；)，n 1188 
No. of variables, p 222 
Weighting scheme v = [口之！尸^丨 + 0.0002|F^|^] 
R p = D | F 。 - \F^\\/ 0.085 
wR = [lw(\FJ 一 )2/ 产 0.077 
S = [lw(\F I - \F\)^/(n - p ) 广 1.80 o c 
Largest and mean A/a .11, .01 
Residual extrema in final .一3 
difference map +0.37 to -0.30 eA 
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Table 2. Data collection and processing parameters for X-ray crystallographic analysis 
of compound 40a. 
Molecular formula C . • 2 P F , 
- 3b 4 2 4 6 
Molecular weight 1088.30 
Color and habit : yello parallelepipedon 
Crystal size 0.20 x 0.20 x 0.30 mm^ 
Crystal system monoclinic 
Space group C2/c (No. 15) 
Unit cell parameters a = 19.693(3)A = 135.59(1)° 
b = 19.378(3) V = 5086(1)A^ 
c = 19.044(3) Z = 4 F(OOO) = 2248 
Density (calcd) 1.421 g cm"^ 
Radiation graphi te-monochromatized MoJ^a, A = 0.71073 A 
Standard reflections (4,0,0); (1,1,2)； (3,3,4) 
Intensity variation ±3.1% 
Rj^ nt； ( f r o m merg ing o f 
eqiv. reflections) 0.044 
Absorption coefficient 0.89 mm"^ 
Scan type and rate w-scan; 2.0-60.0 deg min"^ 
Scan range 0.60^ below Ka^ to 0.60° above Ka^ 
Background counting stationary counts for one-fourth of scan time 
at each end of scan range 
Collection range 0 < h < 14, 0 < k < 20, -20 < i < 14; 29 = 4 4° 
‘ msx 
Unique data measured 2548 
Obs. data with |F。| > 3a{\F^\), n 1618 
N o . of variables, p 310 
2 - 1 
Weighting scheme w = [a 丨广丨] 
Rjr = Zl - I>。l 0.075 
^R - - 广 0.078 
C/ C I C/ 
s - [ l ^ ( \ F \ - \F \)^/(n - P；)产 2.31 
Largest and mean A/a .29, ,03 
Residual extrema in final 
I • 一 」 
difference map +0.61 to -0.47 eA 
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Table 2. Data collection and processing parameters for X-ray crystallographic analysis 
of compound 40a. 
M o l e c u l a r formula C ^ ^ ^ S G ^ ^ ' ^ P F . ‘ 
M o l e c u l a r w e i g h t 1093.1 
C o l o r and h a b i t yellowish green plate 
C r y s t a l size 0.15 x 0.30 x 0.40 nnn^ 
Cirystal system monoclinic 
Space group Cl/c (No. 15) 
Unit: cell p a r a m e t e r s a = I9.946(2)A ^ = 1 3 5 . 6 4 ( 1 )° 
b = 19.340(2) 1/ = 5098.5(9)A^ 
c == 18.906(2) Z =» 4 厂(000) = 2252 
D e n s i t y (calcd) 1.424 g 
R a d i a t i o n graphite-monochromatized HoKa, A = 0.71073 A 
S t a n d a r d r e f l e c t i o n s (4.2,2); (5,1.1)； (3,7,5) 
I n t e n s i t y v a r i a t i o n 一 5 . 2 % 
(from m e r g i n g of 
e q i v . reflections) 0.044 
A b s o r p t i o n c o e f f i c i e n t 0.94 
Scan type and rate w—scan; 4.0-60.0 deg min一丄 
Scan range 0 . 6 0° below Ka^ to 0.60^^ above Ka^ 
B a c k g r o u n d counting stationary counts for one-fourth of scan time 
at each end of scan range 
C o l l e c t i o n range 0 < h < 14, 0 < k < 22, -21 < ^ < 15; 29 • = 4 8。 
‘ max 
U n i q u e data m e a s u r e d 3253 
O b s . data w i t h > , n 2056 
N o . of v a r i a b l e s , p 326 
2 7 - 1 
W e i g h t i n g scheme w = [a 丨厂。丨 + 0.0002丨厂丨 j一 
及 广 D 丨厂。- D尸。I 0.068 。 
[5>(丨F I - Z 吧 丨 〒 0.076 
C/ c o 
s - [ l ^ ( \ F \ - \F\)^/(n - p ) 广 1.94 
L a r g e s t and mean A/a .40, .03 
R e s i d u a l exCrema in final 
d i f f e r e n c e map +0.63 to -0.41 ek 
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